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ARTICLE INFO ABSTRACT

Keywords: Q235 steel (QS) is susceptible to corrosion. Organic compounds in orange peel, such as hesperidin and
Corrosion inhibiting ability flavonoids, contain carbonyl, aromatic ring and hydroxyl functional groups. This enables them to interact with
Orange peel extract (OPE) iron (Fe) to form a protective barrier and reduce QS corrosion in acidic solutions. In this study, we prepared a

Q235 steel (QS)

Synergistic effect green and environmentally friendly anti-corrosion orange peel extract (OPE) using an anhydrous ethanol and

acetone solution extraction method. We conducted a novel research on the synergistic corrosion-inhibiting
impact of OPE and potassium iodide (KI) on QS in 0.50 M HCL. Theoretical calculations confirmed that
hesperidin and flavonoid compounds of OPE could effectively reduce the corrosion of QS in acidic solutions.
The weight loss method showed that OPE/KI demonstrated excellent corrosion inhibiting ability, reaching
a rate of 97.05% corrosion inhibiting. In contrast, when used independently, OPE and KI showed corrosion
inhibiting ability ofcorrosion inhibiting only 80.16% and 35.68%, respectively. Thus, it was confirmed that
OPE and KI show a synergistic inhibition effect. Electrochemical tests proved the combined ability of OPE and
KI as excellent corrosion inhibitors. Analyses of OPE/KI corrosion inhibitive mechanisms on QS were conducted
utilizing scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Contact angle
(CA), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). The findings indicated
that the OPE/KI created a protective barrier on the QS, which mitigated corrosion of QS in the acidic medium.
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HOMO: Highest occupied molecular orbital, LUMO: Lowest unoccupied molecular orbital, PE: Orange peel extract

In this study, it has been proven by theoretical calculations that OPE has certain corrosion inhibiting abilities.
Electrochemical experiments and weight-loss tests have demonstrated that the combination of OPE with KI
exhibits excellent corrosion inhibiting ability. It promotes the efficient use of renewable resources.
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1. Introduction

Q235 steel (QS) is extensively utilized in the construction
industry, manufacturing, and other fields for its cost-effectiveness,
good plasticity, and high-tensile strength [1]. However, because
of its high reactivity, QS is susceptible to corrosion, which not only
leads to significant waste of metal materials but also causes serious
economic losses globally [2]. Incorporating corrosion inhibitors into
corrosive environments is a simple and efficient approach to slow
down the corrosion damage to QS [3]. Plant extracts, for their cost-
effectiveness, renewability, and environmental friendliness, find
extensive application within the field of metallic material protection.
In recent years, a substantial body of research has demonstrated that
plant extracts could interact with metal surfaces to form a protective
layer, reducing metal corrosion [4,5]. This is due to the protective film
formed by the inhibitor effectively reducing direct contact between
the corrosive medium and the metal, thereby serving to protect the
metal [6-8]. To date, various parts of plants have been extensively
studied, such as the Veratrum root [9], ginger [10], kapok leaf [11],
coconut leaf [12], soybean [13], grape seed [14], and water celery[15].
Researchers have found that the anti-corrosive effect of botanical
extracts are attributed to the rich content of sulfur, oxygen, nitrogen,
conjugated heterocycles and polar groups. These enable the absorption
of botanical extracts onto the metallic surface with high efficiency [16].
However, reliance on plant extracts alone as anti-corrosion agents
has drawbacks such as unstable performance and low efficacy, which
severely limits their application. To enhance the corrosion inhibiting
ability of plant extracts, they are used in combination with other
chemical compounds to leverage synergistic effects and effectively
reduce the corrosion of metallic materials in acidic solutions.

The synergistic system composed of organic compounds and
halogen ions (Cl, Br, I') demonstrates excellent corrosion inhibiting
ability. Within these synergistic systems, the cooperative effect
decreases as: I', Br’, and Cl. This is because larger-sized halogen ions
are more easily polarized due to their larger induced dipole moments.
This helps the corrosion inhibitor be adsorbed onto the metallic surface
and enhances their corrosion inhibiting ability. This demonstratesa
synergistic corrosion inhibition effect between the halogen ions and the
corrosion inhibitor [17]. Recently, the use plant extracts mixed with
halogen ions for their synergistic corrosion inhibition effect on metals
in acidic environments has been a hot research topic. Li et al. [16]
investigated the synergistic corrosion inhibition effect of walnut green
husk extract (WGHE) and potassium iodide (KI) on cold rolled steel
(CRS) in trichloroacetic acid (C1,CCOOH) solution. The results showed
that the WGHE/KI mixture achieved a corrosion inhibition efficiency of
up to 97.2%. Kaya et al. [18] showed that when 1000 ppm of KI was
added to the acidic solution containing the Rheum ribes leaf extract,
the corrosion inhibition efficiency increased from 91.8% to 94.9%.
Bouhal et al. [19] studied the synergistic effect of coffee grounds extract
(HECG) and KI on the protection of C38 steel in 1 M HCl medium. The
results demonstrated that the inhibition efficiency reached 97%. This
synergy was due to the presence of I', enhancing the stability of organic
compounds' absorption. Thus, the combined use of plant extracts with
KI shows promising results as a new type of highly effective green
corrosion inhibitor.

Orange fruits are sweet and sour, rich in vitamins, phenols,
flavonoids, minerals, and other nutrients, and are favored by
consumers. They are one of the predominant raw materials utilized in
the global juice marketplace and have always ranked first in terms of
global juice consumption. While preparing orange juice, a large amount
of orange peel is produced. A small amount of orange peel is currently
used as the traditional Chinese medicine called "Chenpi," but most of
it is discarded, causing significant waste generation and environmental
pollution. Therefore, the utilization of orange peels is important.
Hesperidin and flavonoids are the primary constituents of orange
peel. These main components have the capacity to inhibit corrosion
of metallic materials. For example, it had been reported in literature
that OPE had a corrosion inhibiting effect on metals such as aluminum
[20] and stainless steel [21] in corrosive environments . However, the
corrosion inhibiting ability of OPE needs to be enhanced. Given the

Arabian Journal of Chemistry 2025 18 (2) 1202024

complexity of substances in plant extracts, further exploration is needed
to understand the synergistic mechanisms between plant extracts and
halogen ions. Therefore, in this study, I and OPE were used to explore
the synergistic corrosion inhibition mechanisms of I and OPE as
inhibitors. The influence of I on the corrosion inhibiting properties of
OPE in acidic media was also examined in this experiment. Therefore,
in this study, taking I and OPE as examples, the synergistic corrosion
inhibition mechanism of I and OPE were investigated for the first time.
Further insights into the synergistic inhibition mechanism between
plant extracts and iodide ions were gained. At the same time, this
research promotes the efficient use of OPE as a corrosion inhibitor in
the field of metal protection.

This investigation was based on the concept of cost-effective
and environmentally friendly corrosion protection, utilizing OPE in
conjunction with KI as a corroding inhibitor. The study probed the
inhibitory effects of a blend of OPE and KI on QS corrosion in 0.5 M HCL
During the pickling process, to avoid the generation of HCl acid fog, the
environmental temperature should not be too high. To be cost-effective,
the consumption of acid should also be minimized. For these reasons, the
HCI concentration was 0.5 M in this study. Fourier transform infrared
spectroscopy (FTIR) and UV-vis spectroscopy were used to analyze the
presence of hesperidin and flavonoids, the two main compounds in
OPE. The inhibited corrosion mechanics of OPE were studied through
theoretical calculations. Furthermore, the weight loss method and
electrochemical experiments were employed to explore the corrosion
inhibiting capacity of OPE/KI. The micromorphology and composition
of the QS surface were characterised utilising scanning electron
microscope(SEM),fourier transform infrared spectroscopy(FTIR),contact
angle (CA), X-ray photoelectron spectroscopy(XPS), and atomic force
microscopy(AFM). The results indicated that the synergistic effect of
I' and OPE could effectively reduce the corrosion of QS in hydrochloric
acid solution.

2. Materials and Methods

2.1. Materials

The main components of QS are: C (0.45%), Mn (0.5%), Si (0.18%),
P (0.035%), S (0.035%), Cr (0.25%), Ni (0.30%), Cu (0.25%), and
Fe (the remaining 98%). In this experiment, the weight loss method
employed standard Type II carbon steel plates, characterized by a
20 cm? area and a density of 7.86 g/cm®. The QS surface was first
cleaned with a degreasing cotton pad, then rinsed with distilled water,
degreased with acetone, and dried in cooled air. Dilute 37% AR-grade
HCl with distilled water to make a 0.5 M HCL

2.2. Extraction of OPE

Orange peels were sourced from Jiangxi, China. The dried orange
peels were ground into a powdered substance. The powder was
combined with anhydrous ethanol and acetone in a 1:10:10 ratio. Then
they were placed in a water bath at 50°C to 60°C for 2 hrs. The extract
was filtered, and filtrate was evaporated and dried in a well-ventilated
oven for future application.

2.3. Characterization of OPE

The structure of the OPE was characterized by using a VERTEX70
FTIR and a UV-2550 Ultraviolet-Visible Spectrophotometer (UV-vis).

2.4. Weightlessness measurement method

According to the reference [22], the treated QS samples were
accurately weighed and soaked in 0.5 M HCI solutions that contained
varying contents of OPE, KI or OPE/KI for 6 hrs. The corroded QS was
washed with distilled water and anhydrous ethanol, then dried and its
weight was recorded again. The corrosion rate (v) was estimated using
Eq. (1), which considers the weight loss of QS (w), its surface area
(s), and the exposure time (t) to corrosion. The corrosion inhibiting
efficiency (r7,) was derived from Eq. (2).
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In the formulas, v, and v represented the corrosion rates of the QS
sample in 0.5 M HCI with and without the inhibitor, respectively.

2.5. Electrochemical measurement

According to the reference [22], a saturated calomel electrode (SCE),
platinum electrode were utilized as reference and counter electrodes,
respectively. QS rods with an exposed 1 cm? area were utilized as
working electrodes (WE). The experiment was conducted after the
stabilization of open circuit potential (OCP). The Electrochemical
Impedance Spectroscopy (EIS) tested from 0.01 to 10° Hz, using a 10
mV AC signal. Polarization Curve (PDP) tests ranged from +250 mV at
a scanning velocity of 0.5 mV-s™. Data from EIS and PDP were analyzed
with Zahner software. The corrosion inhibiting efficiency (1%) of PDP
measurements were determined by Eq. (3). The corrosion inhibiting
efficiency (%) for the Electrochemical impedance spectroscopy (EIS)
text was obtained through Eq. (4).
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In the formula, i and i ° represented the corrosion current
densities of hydrochloric acid solutions with and without OPE/KI,
respectively. R, was the charge transfer resistance when OPE/KI was
added, and R was the charge transfer resistance in the absence of

OPE/KI

2.6. Quantum chemical calculations

The research investigated the mechanisms by which hesperidin and
flavonoids inhibit corrosion. Based on the B3LYP/Becke theory, the
optimized geometric structures of hesperidin and flavonoid molecules
were obtained using the Gaussian View software. The energy of the
highest occupied molecular orbital (E, ) and the lowest unoccupied
molecular orbital (E ) of the main components; hesperidin and
flavonoid in OPE were computed. The energy gaps (AE) were also
obtained to evaluate their corrosion inhibiting ability. The number
of electrons transferred (AN) between OPE and iron atoms could be
calculated using the Pearson Eq. (5):

XFe Xinh

AN = —————— 5
2(17Fe 7L77int) ©

X and y,, represent the absolute electronegativities of the corrosion
inhibitor and iron, respectively. 7, and 7, denot the absolute hardness
of iron and the corrosion inhibitor, respectively. The theoretical value
of 5, was 0 eV-mol~". The theoretical value of y, was 7.0 eV/mol. The
1, and yx, . could be computed via the following formulas Egs. (6-11):
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I stands for ionization potential, A for electron affinity, o for absolute
softness, and w for the electrophilicity index.

2.7. Surface analysis of QS

QS samples were characterized using Sigma Gemini 300 SEM
(Zeiss, VERTEX70 instrument), JC2000DM Contact Angle Measuring
Instrument (Shanghai Zhongchen Digital Technology Equipment Co.,
Ltd.), AXIS SUPRA XPS (Shimadzu, Japan), and MFP-3D Origin AFM
(Oxford Instruments, UK), to demonstrate that the synergistic effect
of OPE and KI could effectively reduce the corrosion of QS in acidic
environments.

3. Results and Discussion

3.1. FTIR and UV-vis spectra analysis of OPE

The FTIR spectra of OPE, hesperidin, and flavone were presented
in Figure 1(a). By comparing the infrared spectra of OPE with those of
hesperidin, flavone, and their mixtures, it was seen that the infrared
spectral pattern of OPE was like that of the mixture of hesperidin and
flavonoids, indicating that the main chemical components of OPE
were hesperidin and flavonoids [20]. In the infrared spectrum of OPE,
due to the influence of the glycoside and glycoside hydroxyl groups,
the carbonyl group's (C=0) stretching vibration peak was diminished
to 1646.77 cm? (it should have been between 1800 and 1700 cm-
1 if unaffected). The absorption peak at 3392.68 cm’ corresponded
with the O-H bond's stretching vibration [23]. The medium-intensity
absorption peak at 2927.16 cm™ was the stretching vibration of the C-H
bond. The peaks at 1516.32 cm™ and 1447.32 cm™! corresponded to the
vibrations of double bonds or the C=C of benzene rings. The medium-
intensity absorption peak at 1053.40 cm™ was caused by the stretching
vibration of the ether bond C-O-C or the asymmetric vibration of cyclic
ether. The range of 923.06-778.55 cm™ was attributed to the bending
vibrations of C-H in olefins, aromatic hydrocarbons, and aldehydes.
The FTIR findings suggested that OPE comprised a multitude of polar
groups of unsaturated organic compounds, such as hydroxyl, carbonyl,
and ether bonds. Organic compounds with these functional groups are
suitable for utilization as metal acid wash corrosion inhibitors [20].
Therefore, it was preliminarily inferred that OPE had certain corrosion
inhibition properties.

The UV-vis spectra of OPE, hesperidin, and flavone are depicted in
Figure 1(b). The UV-vis spectra of the mixture of OPE with hesperidin
and flavone were similar. Typically, flavonoids have characteristic
absorption peaks in the ultraviolet range of 300 to 400 nm. Hesperidin
has characteristic absorption peaks in the 212 nm. In the OPE curve
of Figure 1(b), two peaks were observed at 209 nm and 331 nm. The
weaker band at 331 nm was caused by the electron leaps of the benzene
ring in the cinnamoyl group and flavonoid compounds. The larger
absorption peak at 209 nm was due to the electronic transition from
n—0o* involving electrons of N and O atoms [24]. The results indicated
that the main components of OPE were flavonoids and other compounds
containing polar elements like N or O. The structural formula of the
main component hesperidin in OPE and the simplified flavone structure
are shown in Figure 1(c-d).

3.2 Theoretical Calculation of OPE Molecular Structure

Based on previous reports [20-22] and in conjunction with the
results of FTIR and UV-vis in Section 3.1. It was determined that the
main components of OPE were hesperidin and flavonoid compounds.
Building on the previous research achievements of our research group
[22], theoretical calculations examined the correlations between the
molecular structure of hesperidin and flavonoids and their corrosion
inhibiting ability. Figure 2(a-d) shows the energy levels of the HOMO
and lowest unoccupied molecular orbital (LUMO) for the optimized
structures of hesperidin and flavonoids. From Figure 2(a-d), it was
concluded that HOMO was predominantly localized on the aromatic
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(a) Fourier transform infrared spectroscopy (FTIR) diagram and (b) UV-vis diagram of orange

peel extract (OPE), Hesperidin and Flavone, Structural formula of (c¢) hesperidin and (d) flavon in OPE.
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(a-d) HOMO and LUMO orbitals of Hesperidin and flavon. MO: Molecular
orbital.

Figure 2.

rings, carbonyl, and hydroxyl groups. While LUMO was mainly located
at the O-containing heterocycle and benzene ring. Generally, the lower
the band gap value of a corrosive inhibitor, the easier is its adsorbtion
on the metallic surface [25]. This would mean a superior protective
effect on the metal. Owing to the presence of a dense electron-rich
region around the oxygen atoms in the HOMO orbitals of hesperidin
and flavone, the lone-pair electrons on the oxygen atoms formed

Table 1. Quantum chemical parameters for Hesperidin and flavonoid.

Inhibitor E,_  (eV) E, , (eV) AE (eV) I A X n o ® AN

Hesperidin -5.771
Flavon -6.607

-1.890
-2.112

3.881
4.495

5.771 1.890 3.830 1.941 0.515 3.780 0.817
6.607 2.112 4.359 2.248 0.445 4.228 0.587

covalent bonds with the empty d-orbitals of iron atoms, to enable the
adsorption of hesperidin and flavonoids on the QS surface. As shown
in Table 1, the molecules of hesperidin and flavonoids possessed higher
E, oo lower E, ., and AE values. This provided a theoretical basis for
OPE's effectiveness in preventing QS corrosion in HCI environments.
Meanwhile, the electron transfer numbers for hesperidin and flavon
were 0.817 and 0.587, respectively, both positive. This indicated that
electrons transfer occurred from hesperidin and flavon to iron atoms.
Electron exchange between hesperidin, flavonoids, and iron surfaces
aided in the formation of coordination bonds with iron, which enhanced
chemical adsorption. The w was a measurement of the electron-attracting
capacity of molecules or atomic groups. For corrosion inhibitors, a
higher electrophilic index was indicative of a greater capacity to attract
electrons. The reason for this was that the OPE interacted with the QS
surface through their electrophilic centers such as -OH, aromatic rings,
and C=0, forming a stable adsorption layer. This effectively prevented
QS from contacting the corrosive agent, achieving the suppression
effect. Hesperidin and flavon, which contained many aromatic rings
and hydroxyl groups, had a high electrophilic index. They exhibited
robust adsorption properties on the metallic surface.

3.3. Weight loss method measurement

3.3.1. Corrosion inhibiting efficiency of OPE or KI

Utilizing the weight loss method, this research first assessed
he corrosion inhibiting ability of OPE and KI as inhibitors in HCI



Liu et al.

environments separately. In Figure 3(a), 1, gradually raised with
increasing OPE content in the HCI environments. The n, was 80.16%
when the OPE concentration was 0.8 g/L. Therefore, OPE could reduce
the corrosion of QS in HCI environments, but the corrosion inhibiting
ability of OPE still needed to be improved. From Figure 3(b) it could be
seen that ), increased with the increase in KI content. The maximum
n, was 30.87% and 35.68% when the concentration of KI reached
0.1 g/L and 0.2 g/L, respectively. Therefore, the corrosion inhibiting
ability of KI was weak. To enhance the corrosion inhibition of OPE
and KI, this study combined OPE with KI to leverage their synergistic
corrosion inhibiting abilities, thereby improving the overall corrosion
inhibiting performance. Due to the high cost of KI, its concentration
ought to be maintained at the lowest possible level. Thus, as shown in
Table 2, based on the corrosion inhibiting efficiency of KI reported in
existing literature, the ideal concentration of KI was determined to be
0.1 g/L and different contents of OPE were added to ascertain corrosion
inhibiting ability of the OPE/KI system.

3.3.2. The synergistic corrosion inhibiting ability of OPE and KI

To enhance the corrosion inhibiting efficiency, KI was optimally used
at a concentration of 0.1 g/L in combination with varying contents of
OPE (0.2 g/L to 0.8 g/L). Through weight loss experiments, the i, of the
OPE/KI composite system at different temperatures and different OPE
contents was shown in Table 3. It was apparent that compared to the
individual corrosion inhibiting efficiency of using OPE or KI, the OPE/
KI exhibited excellent corrosion inhibiting ability. Table 3 indicated
that the corrosion inhibiting ability rose alongside the content of OPE at
a certain temperature. This was because as the OPE content increased,
more OPE was adsorbed onto the QS surface, creating an adsorbent film.
The protective film formed by OPE / KI on the QS effectively prevented
the invasion of corrosive environments, which reduced the corrosion of
QS [26]. Table 3 showed that the corrosion inhibiting performance was
optimal at a content of 0.8g/L OPE/0.1g/L KI. The corrosion inhibition
efficiency reached as high as 97.05%. This result was compared to the
previously summarized research findings on the combined use of plant
extracts and KI in Table 2 [27-31]. The synergistic effects of 0.8g/L
OPE / 0.1g/L KI showed broad application prospects in delaying the
corrosion of QS in hydrochloric acid systems. Meanwhile, when the
OPE concentration was constant, the corrosion inhibiting efficiency
dropped with increase in temperature. This was mainly due to change
in the dissociation and adsorption equilibrium of the OPE/KI in the
solution under different temperature conditions, leading to a reduction
in the corrosion inhibiting ability [32]. From 20°C to 30°C, the corrosion
inhibiting efficiency (n,) of the corrosion inhibitor at a concentration
of 0.8g/L OPE/0.1g/L KI decreased from 97.05% to 89.02%. This
suggested that the corrosion inhibiting efficiency remained largely
unaffected by temperature fluctuations. Therefore, the combined use
of OPE and KI had a certain adaptability to temperature. And OPE/

(a)

| / ’
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(* ]
1 . /
X
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3
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Table 2. Comparison of inhibition efficiency (1) of OPE/KI with the
literature data of previous reports about the synergistic inhibition of plant
extracts with KI for steel in acid solutions.

Plant extract c (extract) c (KI) Acid n, Refs
Mikania 0.1g/L 0.1g/L 0.5M H,SO, 94.4% [27]
micrantha extract
rubber seed extract ~ 0.2g/L 0.1g/L 0.5M H,SO, 96.4% [28]
Mikania micrantha 0.1g/L 0.1g/L 0.1M 91% [29]
extract methanesulfonic

acid
Camellia Oleifera 0.4g/L 0.02g/L. 0.5M H,SO, 93.08%  [30]
shell extract
Michelia alba leaf 0.8g/L 0.4g/L 0.5M H,SO, 95.02%  [31]

extract

OPE: Orange peel extract, KI: Potassium iodide.

Table 3. Synergistic inhibition effects of OPE at various content and 0.1g/L
KI on QS in 0.5 M HCL

Temperature /°C OPE /(g/L) V, ../10*(g/cm*h) n,, (%)
20 0 3.484 /
0.1 1.616 53.62
0.2 0.717 79.42
0.4 0.382 89.05
0.6 0.179 94.87
0.8 0.103 97.05
30 0 11.05 /
0.1 6.289 43.83
0.2 2.726 74.02
0.4 1.926 85.57
0.6 1.102 90.03
0.8 0.556 94.98
40 0.8 3.053 92.01
50 0.8 10.16 89.02

OPE: Orange peel extract, KI: Potassium iodide, QS: Q235 steel.

KI worked as a high efficiency and environmentally friendly anti-
corrosion agent. To assess the potential synergism between OPE and KI,
the synergistic coefficient was determined using formula Eq. (12) [33]:

s 1A T NANB

(12)
1-nap

In the text, 7, and 5, represented the corrosion inhibiting efficiencies
of OPE and KI when used alone in the inhibition system, respectively.
And n,, was the corrosion inhibiting efficiency value of the OPE/KI
complex system. An s value exceeding 1 signified a synergistic interaction
between OPE and KI. A value of s < 1 indicated an antagonistic effect
between OPE and KI. s = 1 indicated no interaction between OPE and
KI [34]. As shown in Figure 4, an upward trend in ‘s’ was observed with

(b)

S5

0.04 0.08 0.12 0.16 0.20

C(g/lL)

Figure 3. Corrosion inhibiting efficiency (n,) versus orange peel extract (OPE) (a) or ptassium iodide(KI) (b) concentration in 0.5MHCIL.
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increasing concentrations of OPE/KI at 30°C. When the content of OPE
was more than 0.1 g/L, ‘s’ was more than 1. This suggested a synergistic
interaction between OPE and KI. The highest ‘s’ value at 0.8g/L OPE
indicated that the synergistic effect of the complex system of 0.8g/L
OPE and 0.1g/L KI was the most outstanding.

3.3.3. Absorption isotherms of OPE/KI

The synergistic effect of OPE/KI was influenced by their adsorption
performance on the QS surface [35]. This study utilized the Langmuir
absorption isotherm to model the adsorption behavior of OPE/KI on the
QS surface [36].

e 1 +c 13)
0 Kags

In Eq. (13), ¢ denoted the corrosion inhibitor's content in g/L, 6
signified the surface coverage, and K, was the adsorption equilibrium
constant. Figure 5 displayed the linear fitting curve for OPE/KI. The
associated linear regression parameters and K, are displayed in
Table 4. The closeness of R? to 1 for OPE/KI implied that the adsorption
of OPE/KI onto the QS surface adhered to the Langmuir adsorption
isotherm. The slope values of the fitted line deviated from 1, suggesting
that there were interactive forces between the adsorbed molecules.
In comparison, the slope at a temperature of 20°C for the OPE/KI
complex system was closer to 1, indicating that the interactive forces
between OPE and KI were weaker at lower temperatures. Moreover,
Table 4 shows that K , was highest at 20°C, so the interaction of OPE/
KI with the QS surface was strongest at this temperature. The corrosion
inhibiting efficacy of OPE/KI was optimal at 20°C. As the temperature
rose, the value of K, decreased, and the corrosion inhibitor's adsorption
on the QS surface diminished, resulting in a minor decrease in corrosion
inhibiting efficacy.

3.3.4. Adsorption thermodynamic parameters of OPE/KI

By calculating the thermodynamic parameters of adsorption, the
adsorbing behavior of OPE/KI at the QS surface was further investigated.
The Van Hoff equation was as follows [37]:

0 0
AH AS
an=—R—%‘k+Tads—lnCH o a4
2

AH_,° represented the standard enthalpy of absorption in kJ/mol.
K denoted the equilibrium constant for absorption. R was the ideal gas

5)
30°C
20F /
o
16 F
Q@
7]
1.2 F
/ e
08} 4
0.0 0.2 0.6 0.8

0.4
C(g/L)

Figure 4. The synergy coefficient (S) of various contents of OPE and 0.1g/L KI on
Q235 steel (QS) in 0.5M HCL.
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Figure 5. Langmuir adsorption isotherm of Q235 steel (QS) in orange peel extract
(OPE)/potassium iodide (KI) composite system.

Table 4. Linear regression parameters of fitted Langmuir adsorption isotherm.

Tempature (K) K, (L/g) Slope R?

293 14.37 0.9547 0.9985
303 9.91 0.9356 0.9950
313 7.85 0.9118 0.9970
323 5.59 0.9005 0.9984

constant equal to 8.314 J/k-mol. C, was taken as approximately 10°
g/L. T stood for the temperature in Kelvin. Based on Eq. (14), the linear
relationship between InK and 1/T is depicted in Figure 6. The slope of
the fitted line was AH_,°/R and the intercept gave AS_,°. The Gibbs free
energy (AG_,°) was determined by Eq. (15) [38].

0 0
280, = 2ads™2Cads (15)

a T

The adsorption thermodynamic parameters of AH ° AG ° and
AS . at 20°C~50°C are shown in Table 5. AH_° was negative in
HCI solutions containing different concentrations of OPE/KI, which
meant that the OPE/KI had released heat during the whole procedure
of adsorption to the QS surface. During the exothermic process, the
higher the temperature, the weaker was the adsorption capacity. This
reduced the corrosion inhibition ability of OPE/KI [39]. In Table 5,
AG_,°was negative at all temperatures, indicating that the adsorption
was spontaneous. A AG_,° value greater than -20 kJ/mol signifies
physiadsorption of the inhibitor and less than -40 kJ/mol signifies
chemical adsorption [40]. In corrosive environments, the AG ,° value
for the adsorption of OPE/KI on the QS surface was between -40 kJ/
mol and -20 kJ/mol. OPE/KI adsorbed to the QS surface via physical
and chemical adsorption processes. The AS_,° being negative suggested
that OPE/KI exhibited a higher degree of freedom and disorder in
the solution before adsorption. Upon adsorption onto the QS surface,
the increase in intermolecular forces led to a rise in order and a
corresponding decrease in disorder [27].

3.3.5. Analysis of dynamic corrosion parameters

This study explored the influence of temperature on the speed of
corrosion of QS by assessing the inhibitory effects of OPE at different
concentrations in a corrosive environment. Kinetic parameters were
calculated utilizing the Arrhenius equation and the transition state
theory equation [41].
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Figure 6. Linear fitting of InK - 1/T.

Table 5. Absorption thermodynamic parameters of OPE /KI on QS in a
corrosive environment.

AG® ads (KJ/mol)

Temperature (K) AH° ads (KJ/mol) AS° ads (J/ mol-k)

293 -23.293 -24.12 -2.820
303 -23.266 -24.12 -2.820
313 -23.237 -24.12 -2.820
323 -23.209 -24.12 -2.820
QS: Q235 steel, OPE: Orange peel extract, KI: Potassium iodide.
-E
logv=—-2—+1l0gA (16)
2.303RT
AS AH
logl=log£+—a-—a a7
T Nh 2.303R 2.303RT

E, and A in Eq. (16) represented the apparent activation energy
and pre-exponential factor, respectively. In Eq. (17), N, h, AH,, and
AS_ represented Avogadro's number (6.02x10* mol™), Planck's constant
(6.626x10% J s), enthalpy change, and entropy change of the reaction,
respectively. Figure 7(a-b) displays the linear fitting curves of logv'/T
and log(v/T)'/T for QS exposed in corrosive solution at 20-50°C. The
kinetic parameters varied with the concentration of OPE. And the data
are present in Table 6. It could be noted from Table 6 that compared to
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Table 6. Thermodynamic parameters of QS soaked in 0.5 M HCl with
variable contents of OPE.

C(g/L) Ea/(kJ/mol) AHa/(KJ/mol) ASH/(J/m01~K)
0 87.267 84.713 -21.82

0.1 95.458 92.900 0.039

0.2 108.001 105.445 35.451

0.4 110.528 107.975 39.566

0.6 121.423 118.965 51.578

0.8 122.061 119.506 67.876

QS: Q235 steel, OPE: Orange peel extract

the blank HCI environments, the E, values for the corrosive solutions
containing OPE/KI were all increased. Moreover, as the content of
OPE rose, the E, values also increased. When different concentrations
(0~0.8g/L) of OPE were added to 0.1g/L KI, E_ increased from 84.713
kJ/mol to 122.061 kJ/mol. Consequently, with the rising concentration
of OPE, the E, value also rose, signifying an elevated minimum energy
required for the corrosion reaction. The corrosion reaction became
more difficult to carry out, thereby reducing the QS corroding in
acidic environments. Thus, the inhibitor with a concentration of
0.8g/L OPE/0.1g/L KI exhibited the best corrosion inhibiting ability.
Table 6 reveals the positive AH,, suggesting that QS corrosion was
an endothermic reaction that needed extra energy to initiate the QS's
corrosion. The AS_in the HCl environments containing OPE/KI was
positive, while in the blank HCI solution, the AS was negative. The
increased AS, could be due to heightened disorder as the reactants
became activated complexes, as well as the repulsion of water molecules
when the inhibitor adsorbed onto the QS [42].

3.4. Potentiometric polarization curve testing of OPE/KI

Figure 8 displays the OCP and PDP of QS soaked in a corrosive
inhibitory environment. In Figure 8(a), after the QS electrode was
exposed to the corrosive inhibitory environment for 1800 s, the OCP
gradually leveled off, indicating that the reaction at the QS interface
had reached a steady state. Figure 8(b) illustrates that the overall
polarization curve of the OPE/KI moved to the lower corroding current
densities, which indicated the effectiveness of the OPE/KI system
in inhibiting the cathodic and anodic reactions. To further analyze
the corrosion inhibiting efficiency and electrochemical corrosion
mechanism of QS under different concentrations of the OPE/KI
complex system, the PDP curves were fitted. The results obtained are
presented in Table 7. Table 7 indicated that the introduction of OPE/KI
reduced both cathodic Tafel slope () and anodic Tafel slope (B,) when
compared to the HCI solution devoid of OPE/KI. And the downward
shift of the Tafel curve with increasing OPE concentration suggested
that OPE functioned as a mixed-type inhibitor, blocking cathodic as
well as anodic reactions [43]. When the content of OPE in the OPE/KI
system in the corrosive environment reached 0.8g/L, the i __decreased

coor
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Figure 7. (a) Linear fitting of logV-1 /T in 0.5 M HCI solution, (b) Linear fitting of log(V/T)-1/T in 0.5 M HCI solution.



Liu et al.

Arabian Journal of Chemistry 2025 18 (2) 1202024

@) o4 8
T SSSSSS s cal

-0.50 |
T 041
—~

.2 g/L

052 ’—A\_
01 g/L

o M

e o]

-0.49 F

(b)

0.54 1 1 L 1 1 1 1 1

0 200 400 600 800
Time(s)

Figure 8.

Table 7. Potentiodynamic polarization curve parameters of QS in system with
OPE/KI.

C.(g/L) E_ (mV) i (mA/cm*) B (mV/dec) B (mV/dec) I1(%)
0 -512 6.401 129 179 /

0.1 -512 3.822 110 160 40.29
0.2 -505 1.475 92.9 158 76.96
0.4 -487 0.959 90.2 156 85.02
0.6 -480 0.432 85.1 150 93.25
0.8 -477 0.203 78.0 146 96.82

QS: Q235 steel, OPE: Orange peel extract, KI: Potassium iodide.

from 6.401 mA/cm? to 0.203 mA/cm?, and 1 was as high as 96.82%.
This was essentially consistent with the results of the weightlessness
method. The polar groups in OPE were adsorbed on the QS surface
through interactions with iron, reducing the QS's exposed area in the
corrosive environments [44]. Furthermore, the presence of KI enhanced
OPE adsorption onto QS, leading to more effective corrosion inhibition
in acidic environments and boosting the corrosion inhibiting ability.

3.5. EIS testing of OPE/KI

EIS was a direct and efficient method of estimating the anti-
corrosion properties of materials. Figure 9(a-c) respectively shows the
Nyquist plot, Bode plot, and the equivalent circuit diagram used to fit
the data from EIS of QS soaked in a 0.5 M HCl which contained varying
content of OPE/KI. In Figure 9(a), the Nyquist plot showed that the
OPE/KI inhibitor system's capacitive arc resembled the blank corrosive
solution's arc. This suggested that incorporating OPE/KI did not change
the electrode's electrochemical reaction mechanism. OPE/KI functioned
as a corrosion inhibitor by adsorbing on the electrode surface, thereby
minimizing metallic corrosion [45]. Figure 9(b) displayed the Bode and
phase angle plots of QS soaked in acidic environments containing OPE/
KI. The phase angle increased with increasing OPE concentration, but
remained below 90°. This suggested that there was a dispersion effect
on QS's corrosion in the HCl environment containing OPE/KI [46].
Moreover, the impedance modulus of QS was depicted in Figure 9(b).
As the OPE concentration increased, the log |Z| gradually increased as
well. The trends in phase angle and log |Z| changes confirmed that 0.8
g/L OPE/ 0.1 g/L KI provided the best corrosion inhibiting ability for
QS in an acidic environment.

To get impedance parameters, the EIS data were evaluated by
application of the equivalent circuit model shown in Figure 9(c). The chi-
square (?) statistic assessed the fit accuracy of the circuit model, with
lower values signifying closer alignment to experimental results. R, and
R, represented the solution resistance and charge transfer resistance,
respectively. The higher the R , the harder it became for QS to undergo
corrosion reactions in acidic environments. Consequently, the better the
corrosion inhibiting ability of OPE/KI. CPE represented the Constant
Phase Element and C, represented the double-layer capacitance. The
formula for calculating C, was presented below (Eq. 18) [47]:

1 1-n
Car = Yo' xR

(18)
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(a) Open circuit potential (OCP) curve and (b) polarization curve of Q235 steel (QS) soaked in 0.5 M HCl with OPE and KI compound system (OPE/KI) for 1800 s at 30°C.
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Figure 9. (a) Nyquist diagram of Q235 steel (QS) at 0.5 M HCl with or without

orange peel extract (OPE)/potassium iodide (KI), (b) Bode diagram of QS in 0.5 M HCl

with or without OPE/KI, (c) Equivalent circuit for fitting Electrochemical Impedance
Spectroscopy (EIS) data. CPE: Constant phase element.

Fitting the Nyquist plot and according to Eq. (4), the n was obtained.
Table 8 shows that the addition of OPE/KI to a corrosion solution caused
a swift rise in charge transfer resistance (R ). When the content of the
corrosion inhibitor was 0.8g/L OPE/ 0.1g/L KI, R reached 115.86
Qecm? And the 1 reached up to 95.27%. This further indicated that the
0.8g/L OPE / 0.1g/L KI was effective in reducing the QS’s corrosion
in HCl environments. Meanwhile, as the content of OPE in OPE/KI
increased, the C, value decreased from 169.65 mF/cm® to 8.27 mF/
cm?®. The decline in C, was caused by the adsorption of OPE/KI onto
the QS surface. This was due to the adsorption of corrosion inhibitors
on metal surfaces, which can reduce the local permittivity and increase
the bilayer thickness [48]. Values of a below 1 indicated that frequency
dispersion existed in corrosive solutions containing OPE/KI across the
electrode-solute interface.

3.6. SEM, FTIR, CA and AFM analysis of QS surface

Table 8. Impedance analysis parameters of QS in 0.5 M HCl with or without
OPE/KI.

C,..(g/L) R (Q:cm?) R (Q°cm?) C,(mF-cm?) CPE x* 1 (%)

Y, (uQ's™cm?) n

0 1.033 5.966 169.65 1340.76 0.744 0.0841 /

0.1 0.716 9.891 102.25 993.63 0.811 0.0744 39.68
0.2 0.854 27.663 36.61 500 0.757 0.0403 78.43
0.4 0.835 41.134 24.36 458.59 0.749 0.0364 85.49
0.6 0.577 78.186 12.96 305.09 0.765 0.0501 92.36
0.8 0.593 115.866  8.27 244.27 0.854 0.0769 95.27

QS: Q235 steel, OPE: Orange peel extract, KI: Potassium iodide.
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Figure 10. Scanning electron microscopy (SEM) images of Q235 steel (QS): (a, a,) polished, (b, b,) in 0.5 M HC], (c, ¢)) in 0.5 M HCI +
0.1 g/L potassium iodide (KI), (d, d,) in 0.5 M HCI + 0.8 g/L orange peel extract (OPE), (e, e,) in 0.5 M HCl + 0.8 g/L. OPE and 0.1 g/L KL

SEM was utilized to characterize the micromorphology of the QS
corroded area. Figure 10 (a, a) presents the polished surface of QS
before corrosion. The image shows a smooth QS surface with minor
manual-polishing scratches before corrosion. Figure 10 (b, b ) showed
the metal surface of QS after being corroded by blank corrosion
solution. From the figure, it can be observed that a large number of
corrosion pits and corrosion products had formed on the metal surface
after being corroded by HCI. This indicated that QS had suffered severe
corrosion in a strongly acidic medium. Figure 10 (c, ¢) and (d, d))
show the corrosive surfaces of QS after the addition of KI and OPE into
the HCI solution, respectively. Compared with QS corroded in blank
solution Figure 10 (a, a ), the surface corrosion degree of QS soaked in
corrosive solution containing OPE and KI had reduced. This indicated
that both OPE and KI were able to effectively decelerate the rate of
corrosion of QS in corrosive environments. Figure 10 (e, e ) displays
the corroded surface of QS after the addition of OPE/KI in corrosive
environments. The surface of QS was smooth, showing almost no signs
of corrosion. Additionally, the mechanical scratches resulting from
manual polishing were clearly visible on the QS surface. This result
was attributed to the synergistic effect of OPE and KI, which formed a
uniform adsorption film on the metal surface. This effectively blocked
direct contact between corrosive substances and metals. Thus, the OPE/
KI corrosion inhibition system exhibited excellent corrosion inhibiting
ability.

Figure 11 displayed the FTIR spectrum of OPE and the FTIR
spectrum of QS after its immersion in an HCl solution containing OPE/
KI. The OPE exhibited adsorption peaks at wavenumbers 1053.40
cm—1 (C-0-C), 1646.77 cm—1 (cyclic ether), 2927.16 cm—1 (C-H),
and 3392.68 cm—1 (-OH). The QS immersed in the corrosive solution
containing OPE/KI showed corresponding adsorption peaks in the
infrared spectrum, as seen in Figure 11. Therefore, it was inferred that
OPE had established an adsorptive layer on QS's surface, likely owing
to the functional groups like oxygen atoms and hydroxyls present in
OPE. These groups acted as active sites for interaction with metallic
surfaces. This promoted the chemical reaction between the OPE and the
QS surface, forming a stable chemisorption layer and inhibiting the QS's
corrosion reaction. To achieve the goal of reducing metal corrosion.

The metallic surface hydrophobicity was increased through
adsorption by the corrosive inhibitor, which effectively repelled the
environment water molecules. Consequently, this research employed
a contact angle meter to assess the QS's contact angle after exposure
to acidic solution. The results showed in Figure 12(a-e) indicate that
the contact angle of uncorroded QS was 95°. The contact angle of QS
after corrosion in HCl solution was 68.5°. The contact angle of QS
after corrosion in HCl containing KI was 76°. The contact angle of QS
after corrosion in HCl environments containing OPE was 80°. And the
contact angle of QS after corrosion in HCIl environments containing
OPE/KI was 90°. Rising contact angle measurements suggested that
the steel surface's hydrophobicity escalated upon the introduction of
corrosion inhibitors. The OPE/KI adsorbed on the QS surface repelled
water molecules, minimizing QS's interaction with water and thus

Corroded QS
— OPE
1025.34 2920.92
1630.84

1646.77
2927.16
1053.40

L 1 L L 1 33 9I2.68

500 1000 1500 2000 2500 30001 3500 4000
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Figure 11. Fourier transform infrared spectroscopy (FTIR) spectrum of orange peel
extract (OPE) and the FTIR spectrum of the Q235 steel (QS) after its immersion in an
HCI solution containing OPE/potassium iodide (KI).
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Figure 12. Contact angle (CA) images of (a) polished Q235 steel (QS), (b) QS soaked

in 0.5 M HCl, (c) QS soaked in 0.5 M HCI and 0.1 g/L potassium iodide (KI), (d) QS

soaked in 0.5 M HCl and 0.8 g/L KI, and (e) QS soaked in 0.5 M HCl and 0.8 g/L OPE
and 0.1 g/L KL

curtailing QS's corrosion. The OPE/KI exhibited excellent corrosion
inhibiting ability.



Liu et al.

0.0

Arabian Journal of Chemistry 2025 18 (2) 1202024

2.7 pm | 1.9pum

2.7pm

00 00

0.0

Figure 13. Atomic force microscopy (AFM) images of (a) polished Q235 steel (QS), (b) QS soaked in 0.5 M HCl, (c) QS soaked in 0.5 M HCl
and 0.1 g/potassium iodide (KI), (d) QS soaked in 0.5 M HCl and 0.8 g/L OPE, and (e) QS soaked in 0.5 M HCl and 0.8 g/ L. OPE, and 0.1 g/L KI.

Further observation of the QS surface was done by AFM. The
3D-AFM images of QS are illustrated in Figure 13. According to
Figure 13(a), the QS surface that had been hand polished and had not
undergone corrosion was flat. But it was not absolutely smooth and
uniform, and there were still some small defects on the QS. Figure
13(b) shows the surface of QS corroded in blank acid, where the QS
steel surface was severely corroded and had become extremely rough.
Figure 13(c) and (d) represented the surfaces of QS with the addition
of KI and OPE, respectively. Compared to Figure 13(b), the degree of
corrosion at the QS electrode was reduced, and the metallic surface
roughness was decreased. Figure 13(e) illustrated the corroded surface
of QS with the additive of the OPE/KI. Compared with Figure 13(d), the
roughness of the QS surface was lower. This indicated that the OPE/
KI mixture had a pronounced inhibitory effect against QS corrosion in
acidic environments.

Table 9 presents the average surface roughness (R ) and root-mean-
square roughness (R ) values, with higher figures indicating increased
surface roughness. The polished QS surface, free from corrosion,
exhibited the lowest Ra and Rq values. In 0.5M HCl without inhibitors,
the QS surface had larger R, and R values. However, the introduction
of inhibitors led to a reduction in Ra and R values, signifying a
substantial corrosion-inhibiting impact on QS in acidic environments.
This further confirmed the film-forming property of the inhibitors on
the QS [49,50]. Moreover, the R_and Rq parameters also followed the
anticipated regularity: OPE/KI < OPE < KI, thus the compound use of
OPE with KI had a superior corrosion inhibiting ability than when used
individually.

3.7. XPS analysis of QS after corrosion

When QS was soaked in a corroding environment containing OPE/
KI, an adsorbent film formed on the QS surface that diminished the
corrosion rate of QS. This film was typically composed of inorganic
compounds produced by the corrosion process, organic corrosion
inhibitors, and the complexes that formed between these substances
and the metal surface. In this experiment, QS was exposed in 0.5M
HCI which included OPE/KI for 6 hrs and the corroded steel surface
was analyzed by XPS. Figure 14(a) is the full spectrum of the sample.
In the full spectrum, peaks of Fe, C, O, and I can be observed. Thus, it
was speculated that both OPE and KI could absorb onto the QS surface
forming a protecting layer, delaying the corrosion of QS. On this basis,
the three main elements Fe2p, Cls, and O1ls were further analyzed to

Table 9. Surface roughness parameters of QS surface.

Test coupon R, (nm) Rq(nm)
Polished QS 1.004 1.596
QS in 0.5M HCl 18.127 21.315
QS in 0.5M HClI with 0.1 g/L KI 15.954 19.038
QS in 0.5M HCl with 0.8 g/L OPE 10.548 13.176
QS in 0.5M HCI with 0.1 g/L KI+0.8 g/L OPE 4.569 5.629

QS: Q235 steel
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determine the functional groups that existed in the corrosion-treated
QS surface. The spectra at this high resolution have been presented in
Figure 14(b-d). In the Fe2p spectrum of Figure 14(b), characteristic
peaks of FeOOH, FeCl,, Fe,0,, and Fe were detected at 724.3 eV, 715.1
eV, 710.6 eV, and 706.8 eV, respectively. Characteristic peaks of Fe(II)
and Fe(Il) were detected at 719.6 eV and 731.8 eV, respectively,
indicating that QS was in an oxidized state during the corrosion
process [13,51]. As shown in Figure 14(c), the Cls spectrum had a
characteristic peak at 288.5 eV representing C=0. The characteristic
peak at 286.6 eV represented C-OH or C-O-C. The characteristic peak at
284.9 eV corresponded to C-H or C-C [13,51]. The O1s spectra (Figure
14d) the characteristic peaks of O*, FeOOH, C-O or H,0 were detected
at 529.1 eV, 531.0 eV, 532.5 eV, respectively [13,51,52]. The O may
have been related to the formation of iron oxide corrosive products. The
oxygen in FeOOH likely stemmed from the oxygen present in -OH or
C=0. The C-H, C-O, and C=0 all came from OPE. Clearly, the XPS and
FT-IR test outcomes aligned.

3.8 Synergistic inhibition mechanism of OPE and KI

As hydrochloric acid is a potent acid, it separates completely into
H" and CI ions in water: HCl = H" + Cl. QS was soaked in an HCI
solution. The formation of H, at the surface was observed, indicating
that the chemical reaction occurring was hydrogen evolution corrosion
of QS in HCL: 2H' + 2e" = H,. This reaction's mechanism encompassed
three stages: the Volmer adsorption, Heyrovsky deabsorption, and Tafel
recombination processes|[53].

Fe +H,0" +e =FeH, ,+H,0; FeH ,+ H,0" +e = Fe + H, + H,0O; FeH_,
+ FeH_, = 2Fe + H,. These three reactions did not occur in isolation
but are interconnected. The corrosion inhibitor primarily affected the
formation of FeH_,, thereby providing protection against corrosion. The
anodic reaction that took place at the QS surface is: Fe = Fe?" + 2e.
When QS was soaked in the solution, it was immediately corroded by
Cl: Fe + ClI = FeCl,. Additionally, QS might also undergo the following
reaction with water molecules [51].

Fe + H,0 = Fe(H,0), ,; Fe(H,0),, = Fe(OH)  + H; Fe(OH) , =
Fe(OH),, + e. The above reactions summarize as: Fe + H,0 = Fe(OH)_,.
+ e + H". The complex ion (FeOH),, released an electron to form the
(FeOH)" ion: Fe(OH)_, = Fe(OH)" + .. Secondly, it was transformed into
the following reaction: Fe(OH)" + H" = Fe* + H,0.

Upon incorporating OPE, the corrosion degree of QS was reduced.
This was attributed to the polar groups (-OH, C=0) within OPE, which
were readily protonated in acidic environments. OPE + cH+ = OPE .
So, in the corrosion environment, OPE might have existed in the form
of OPE or OPE . On one hand, across the entire QS surface, OPE could
coordinately bind with Fe atoms through the free electron pairs of
oxygen to form chemical adsorption. On the other hand, OPE * could be
physically adsorbed onto negatively charged anion layers. The presence
of Cl had an inhibitive effect on the adsorbability of the corrosion
inhibitor at the steel/corrosion interface. Consequently, in a 0.5 M HCl
solution, OPE exhibited only a moderate corrosion inhibition effect on
QS. When KI was added, I was oxidized by the oxygen dissolved in the
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Figure 14. (a) Full spectrum of Q235 steel (QS) soaked in hydrochloric acid containing 0.8g/L OPE and

0.1g/LKI; (b) X-ray photoelectron spectroscopy (XPS) high-resolution spectra of Fe2p, (¢) Cls and (d) Ols.

acidic medium to form a pale-yellow triiodide. The iodide ion oxidation
process corresponded to the following reaction [27]: 4I' + 4H" + O, = 2I,
+H,0; I, + I =L, . These two reactions could be summarized as: 61" + 4H"
+ 0, =21, + 2H,0. During this process, I,” would slowly accumulate and
be adsorbed at the interface of QS and the solution. Thereby, it played
the role of corrosion inhibition. For corrosion systems containing OPE/
KI, the strong steric hindrance effect of flavonoids in OPE might limit
their adsorption on metal surfaces [29]. Thereby, this affected the
performance of OPE as a corrosion inhibitor. The adsorption of I' or
I, on the QS surface could generate a significant amount of negative
charge, which was favorable for the adsorption of positively charged
OPE ©* on the metal surface. This promoted the physical adsorption of
OPE on the metal surface. Therefore, in this study, we added KI to
facilitate the adsorption of OPE ¢ on the QS surface. Secondly, when
protonated OPE was closely adsorbed to the metal surface, the polar
atoms in OPE (such as oxygen) with lone pairs of electrons could form
coordination bonds with metal atoms on the metal surface. This was a
mechanism of chemical adsorption. Thus, OPE forms a protective film
on the metal surface through both physical and chemical adsorption,
thereby reducing the corrosion of the metal.

4. Conclusions

(1) Theoretical calculations confirmed that hesperidin and flavonoid
compounds in OPE could effectively reduce the corrosion of QS in
0.5 M HCL

(2) In the corrosive solution, OPE and KI both inhibited QS corrosion,
but with relatively low inhibition efficiency. A corrosion inhibiting
efficiency of 97.05% was achieved with 0.8g/L OPE/0.1 g/L KI. The
synergistic effect of OPE and KI reduced the corrosion of QS in a 0.5
M HCI environment. At the same time, it was demonstrated through
thermodynamic parameters that OPE/KI adsorbed to the QS surface
via physical and chemical absorption processes.

(3) Electrochemical tests showed that OPE/KI decreased QS corrosion
by suppressing cathodic and anodic reactions, and 0.8g/L OPE / 0.1

11

g/L KI exhibited the most efficacious anticorrosion effect on QS in
hydrochloric acid solution.

(4) The formation of an adsorbent film on the QS surface by OPE/KI
was verified by SEM, FTIR, CA, XPS, and AFM. This adsorbent film
served to inhibit the corrosion of the QS.
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