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Abstract

Plant-derived extracts serve as effective environmentally friendly inhibitors of corrosion because they are biodegradable, innocuous,
and derived from renewable resources, rendering them a more friendly and sustainable substitute for harmful synthetic inhibitors. In
this study, the inhibitive performance of Bauhinia tomentosa (BT) stem bark extract on low-carbon steel (L-CS) deterioration in 1 M
hydrochloric acid was assessed via open circuit potential (OCP), potentiodynamic polarization (PDP), electrochemical impedance
spectroscopy (EIS), and gas chromatography—mass spectrometry (GC-MS). The results show that BT extract suppressed L-CS
corrosion, with inhibition efficiency improving as inhibitor concentration increases. Polarization data indicate that BT functions as a
mixed-type inhibitor by simultaneously retarding anodic metal deterioration and cathodic hydrogen liberation reactions. Corrosion
current density (Icor) noticeably reduced from 1241 pAcm™ (in the absence BT) to 687 pAcm™ (in the presence of 1000 ppm of BT).
Impedance measurements revealed improved resistance associated with charge transfer (R), confirming adsorption of BT molecules
on the L-CS exterior. R increased from 3533 Q cm? (without BT) to 4794 Q cm? (when 1000 ppm of BT was introduced). GC-MS
analysis identified organic compounds containing heteroatoms and pi-electron schemes, which enable robust interaction with the metal
surface. An inhibition efficiency of up to 45% was achieved at 1000 ppm BT from PDP analysis, highlighting the prospect of BT extract
as a corrosion inhibitor with modest performance in acidic environments.
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1. Introduction

Low carbon steel (L-CS) continues to be one of the most commonly employed materials in engineering due to its affordability and
advantageous mechanical characteristics. Even so, during various industrial procedures, specifically, removal of impurities from metal
exterior using acid, and acidification in oil wells (Chioma et al., 2022), L-CS is often subjected to harsh acidic environments, such as
H,SO,4 and HCI, leading to accelerated deterioration of the material (El-Housseiny et al., 2022; Mchihi et al., 2025a). Consequently,
the application of deterioration inhibitors becomes crucial for reducing metal loss and prolonging the durability of equipment (Al-
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Moubaraki et al., 2022; Mchihi et al., 2025b; Odozi et al., 2024). The mechanism by which these corrosion inhibitors interact at the
metal-solution interface can be characterized by the formation of three distinct types of films: passivating films, precipitation films,
and adsorption films (Thacker & Ram, 2025). The establishment of passivating films is better exemplified by traditional inorganic
inhibitors, including chromates, which show a halting influence specifically in aerated solutions. In contrast, precipitation films
produced by deterioration inhibitors are typically porous and do not adhere completely. These films arise from chemical species that
generate insoluble coatings through reactions with either soluble species present in the corrosive medium or with ions of the metal
being protected. Adsorption films are primarily constituted by organic compounds (Thacker & Ram, 2025).

While traditional inhibitors demonstrate effectiveness, they are frequently associated with disadvantages, including toxicity, inadequate
biodegradability, and resistance to environmental degradation. In light of increasingly stringent environmental regulations, a rising
emphasis on the exploration of plant-based deterioration inhibitors, which are renewable, biodegradable, and eco-friendly has been
recorded (Verma et al., 2021; Mchihi et al., 2025b). Quite a lot of researchers have documented the efficacy of diverse plant-derived
extracts as inhibitors for deterioration of diverse metals in different media (Mungwari et al., 2025; Odozi et al., 2021; Miralrio et al.,
2020; Odozi et al., 2019; Emesiani et al., 2024; Mahraz et al., 2025; Mchihi et al., 2023; Meena et al., 2024). Some of the plants whose
corrosion inhibition potential have been reported include Artemisia argyi (Chu et al., 2025), Chrysanthemum indicum (Chu et al., 2025),
Gnetum africanum (Obiukwu et al., 2015), Schinopsis lorentzii (Gerengi and Sahin, 2011), Gongronema latifolium (Obiukwu et al.,
2015), Euphorbia hirta (Nnanna et al., 2010), Dialum guineense (Nnanna et al., 2010), Pennisetum purpureum (Ituen et al., 2016),
Eriobotrya japonica Lindl. (Zheng et al., 2018), Garcinia Cambogia (Rani et al., 2022), and artabotrys odoratissimus (Rathod et al.,
2022). A good number of these plants demonstrated high efficiency of inhibition while few showed low inhibition efficiency. The
application of extracts rich in phytochemicals as deterioration inhibitors presents numerous advantages, including economic viability,
environmental sustainability, abundant availability, and straightforward production methods (Thacker and Ram, 2025). Plant extracts
generally comprise intricate mixtures of organic compounds, including phenolics, flavonoids, alkaloids, and terpenoids, which add to
their inhibitory properties, via adsorption onto metal surfaces through heteroatoms and conjugated m-electron systems (Eddy et al.,
2015).

Literature indicates that several parts of Bauhinia tomentosa (BT) are rich in bioactive compounds that are capable of creating a
protective barrier on metal surfaces, thereby reducing metal deterioration (Kumar et al., 2025; Balabhaskar and Vijayalakshmi, 2015).
A study utilized an extract from the leaves of BT as an inhibitor for L-CS deterioration in a 1 M HCI solution, attaining a highest
inhibition efficiency of 93.47% at 308 K when 700 ppm of the leaf extract was present (Perumal et al., 2017). Despite the growing
number of studies on green inhibitors, research exploring the inhibitory properties of extracts from other parts of the plant (BT), such
as the stem bark, appears to be limited. Specifically, information on the corrosion inhibition capability of BT stem bark extract on L-
CS deterioration in hydrochloric acid remains scarce. This effort aims to assess the inhibitory impact of BT stem bark extract for L-CS
deterioration in 1 M HCI.

2. Materials and Methods
2.1 Extraction

The extraction protocol described by Odozi et al. (2024) was followed to prepare the BT stem bark extract. Fresh BT stem bark were
air-dried and milled into a fine powder with an electric blender. Approximately 20 g of the powdered BT was soaked in 250 mL of
methanol in sealed sample container and agitated thoroughly to ensure proper mixing. The resulting mixture was sonicated for 10
minutes to enhance extraction efficiency. Subsequently, the mixture was subjected to filtration, and the filtrate was centrifuged for 5
minutes to remove any remaining particulates. An aliquot of the clarified BT extract was reserved for GC-MS analysis, while the
remainder was concentrated with a rotary evaporator and employed to prepare various dosages of the inhibitor (Odozi et al., 2024).

2.2 Gas Chromatrography-Mass Spectrometry (GC-MS)

The chemical constituents of the BT stem extract were characterized using an Agilent 5977B GC/MSD scheme attached to an Agilent
8860 automatic sampler in accordance with the procedure described in a previous study (Mchihi et al., 2024b). Separation was achieved
on an Elite-5MS capillary column (5% diphenyl/95% dimethyl polysiloxane) with dimensions of 30 m % 0.25 mm internal diameter
and 0.25 pm film thickness. High-purity helium (99.9%) assisted as the carrier gas at a steady flow rate of 1 mL min'. A sample volume
of 1 uL was inserted using a split mode with a ratio of 10:1. Ionization was carried out via electron impact (EI) at 70 eV. The injector
temperature was maintained at 300 °C, while the temperature of the source of ion was set at 250 °C. The oven temperature program
commenced at 100 °C (held for 0.5 min), followed by a ramp of 20 °C min™ to 280 °C, where it was held for 2.5 min. Mass spectra
were recorded at 70 eV with a scan interval of 0.5 s across a mass-to-charge (m/z) range of 45-450 Da. A solvent delay of 0180 s was
applied, and the total analysis time was 21.33 min.

78



Jordanian Journal of Engineering and Chemical Industries (JJECI) Research Paper Vol 9 No.1 2026

2.3 Electrochemical Investigation

Electrochemical measurements were conducted using a conventional 3-electrode configuration involving a Pt wire, a L-CS specimen,
and an Ag/AgCl electrode. The Pt wire functions to finalize the circuit, enabling the passage of electric current to the L-CS (which is
the host for electrochemical reactions). The Ag/AgCl electrode serves a as reliable and consistent reference potential due to its stability
and non-polarizable characteristics. The Experiments were performed using a Metrohm Autolab PGSTAT204 potentiostat/galvanostat.
1 M HCI solution served as the electrolyte medium. Prior to other electrochemical tests, the open circuit potential (OCP) of the L-CS
was monitored to determine the steady-state (free corrosion) potential and to minimize capacitive current effects. Electrochemical
impedance spectroscopy (EIS) tests were conducted over a frequency range of 100 kHz-10 mHz using an AC perturbation amplitude
of 10 mV. The resistance associated with charge transfer (R) values acquired from EIS were used to evaluate the inhibition efficiency
(IE) according to Equation 1 (Mchihi et al., 2024a), where R and R represent the resistance associated with charge transfer in the
presence and absence of BT, respectively. Potentiodynamic polarization (PDP) studies were conducted within a potential window of
—250 mV to +250 mV relative to OCP at a scan rate of 0.2 mV s™'. The experimental data were processed using ZsimpWin 3.2 software
for EIS analysis and EC-Lab software for polarization measurements. The inhibition efficiency from PDP data was calculated using
Equation 2 (Mchihi et al., 2025¢), where I°. and Icor denote the corrosion current densities in the uninhibited and inhibited systems,
respectively. Surface coverage (0) values were subsequently determined using Equation 3.

IE = RR% o 100 )
. Rct_
IE =50 % 100 ©)
IE I°corr
0=— 3)

100

3. Results and Discussion

3.1 Open Circuit Potential (OCP) Behavior

The time-dependent profiles (Figure 1) of OCP indicate that the incorporation of BT extract results in minor alterations in potential
when compared to the uninhibited solution, suggesting that BT has an impact on the deterioration of L-CS in HCI (Mchihi et al., 2024b).
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Fig. 1. OCP- time plots for L-CS in 1 M HCI without BT and in the presence of BT.
These alterations are insufficient to categorize BT as distinctly anodic or cathodic, implying a balanced effect on both electrochemical

processes. The observed improvement in stabilization of potential over time suggests a gradual adhesion of BT molecules on the
exterior of L-CS, ultimately enabling the establishment of a shielding BT film.

3.2 PDP Analysis

The polarization data and curves presented in Table 1 and Figure 2 revealed an extensive reduction in I following the introduction
of BT extract.

Table 1. PDP data for L-CS in HCI without BT and in the presence of BT

Ecorr Teorr pa Be 0 IE
System mV/Ag/AgCl  pAcm? mVdec! mVdec! %

Blank -421 1241 41 88

500 ppm -425 968 52 61 0.22 22

1000 ppm -415 687 66 57 0.45 45
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Fig. 2. Polarization plots for L-CS in 1M HCI without BT and in the presence of BT.

This reduction in I..r improved consistently with greater dosage of the inhibitor, thereby affirming an enhancement in inhibition
efficiency (Mchihi et al., 2024c). At a concentration of 1000 ppm BT, the Icorr is diminished by nearly 50% in comparison to the blank
solution. Also, the corrosion potential shows only slight displacement in the presence of BT, revealing the mixed-type behavior of BT.
This finding agrees with another study that reported the mixed-type inclination of BT leaves extract for deterioration of L-CS in HCl
(Perumal et al., 2017). The alteration of both anodic and cathodic Tafel slopes suggests that BT extract plays a role in impeding the
processes of dissolution and hydrogen evolution. Comparable electrochemical behaviors have been documented for inhibitors derived
from plant sources that contain organic compounds rich in oxygen and nitrogen (El-Housseiny et al., 2022). The recorded efficiency of
inhibition in this study is less than the efficiency reported in a study that employed BT leaves extract (Perumal et al., 2017). This may
arise from difference in phytochemical content of stem bark and leaves of BT.

Despite numerous studies documenting the efficacy of extracts as deterioration inhibitors with high inhibition efficiencies, there are
also findings concerning plant extracts that have demonstrated low inhibition efficiencies. In a study conducted by Gerengi and Sahin
(2011), the corrosion inhibition of L-CS in a 1 M HCI environment was examined utilizing various concentrations of Schinopsis
lorentzii extract. Their findings indicated an efficiency of inhibition of 31.7% at a dosage of 1000 ppm, as derived from EIS data. When
the dosage of the inhibitor was increased to 2000 ppm, the efficiency of inhibition rose to 38.6%. It is important to note that certain
plant extracts may exhibit limited corrosion inhibitory effects due to their low solubility in aggressive acidic environments and their
complex (unrefined) compositions, which often lead to inadequate adhesion to metallic surfaces. Synergism is known to boost inhibition
efficiency. A synergistic effect can be achieved by utilizing a combination of bark and leaf extracts, or by incorporating other
compounds, which typically enhances efficiency. For instance, Aldahiri et al. (2025) demonstrated that the efficiency of inhibition of
Canarium strictum leaf extract for mild steel in a 15% HCI solution was significantly improved by the addition of 5 ppm of potassium
iodide (KI). Therefore, higher efficiency of inhibition could be achieved for BT stem bark through synergy.
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Fazal et al. (2022) assert that achieving protection levels equivalent to those offered by traditional inhibitors often necessitates the use
of high concentrations of inhibitors derived from plant extracts. While many of these plant-derived inhibitors effectively provide
sufficient protection, there remains a pressing need for the optimization of these formulations. One effective approach to this
optimization involves conducting phytochemical screenings along with computational simulations to isolate the most potent compounds
among the several compounds found in a given extract. Subsequently, a thorough investigation of the synergistic interactions between
these active molecules could be undertaken to develop a formulation that surpasses current standards. Also, it is important to note that
most commercially available inhibitor formulations typically consist of a mixture of diverse chemical compounds (Fazal et al., 2022).

3.3 Electrochemical impedance spectroscopy (EIS) outcome

The electrical equivalent circuit engaged to fit EIS data is presented in Figure 3, while the plot generated from EIS measurements is
illustrated in Figure 4.

CPE

R.
— CPE
=

Ret

Fig. 3. Electrical equivalent circuit engaged for fitting EIS data.
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Fig. 4. Impedance plots for L-CS in 1 M HCI without and with different dosages of BT

In Figure 3, R symbolizes solution resistance, Rpo denotes pore resistance, R is the resistance associated with charge transfer and
CPE is the constant phase element. The two Constant Phase Elements illustrate distinct, non-ideal capacitive behaviors owing to surface
heterogeneity. R;, quantifies the resistance encountered by the electrolyte as it travels through the pores of a coating. R indicates the
resistance to electron transfer at the interface of the metal surface, reflecting the kinetics of the corrosion reaction. R denotes the ionic
resistance presented by the electrolyte solution located between the working and reference electrodes, with a lower R signifying a
cleaner electrolyte; it is typically minimal and may be regarded as a constant value. In this study, while the R, values (Table 2) show
very minimal variations, both R and Ry, values (Table 2) increased in the presence of BT, which suggests obstruction of some active
sites and decrease in charge transfer (Aldahiri et al., 2025).

Table 2. EIS parameters for L-CS in bare HCI and BT enriched HCI

Rs Rpo CPE1 Ret CPE2 IE
System (Qcm?) (Qcm?) (nQts” nl (Qcm?) (uQts” nl 0 %
cm2X 10%) cm2X 10%)
Blank 10.5 1392 5.31 0.89 3533 5.90 0.85
500 ppm 10.48 1465 5.12 0.89 4719 5.52 0.90 0.25 25
1000 ppm 10.5 2461 4.90 0.89 4794 3.30 0.96 0.47 26

The EIS plot exhibit single depressed semicircles, indicative of corrosion processes that are governed by transfer of charge. The surge
in the diameter of the semicircle with greater concentrations of BT signifies an improvement in resistance associated with charge
transfer as evident in Table 2 (El-Housseiny et al., 2022). This trend is in agreement with other reports (Odozi et al., 2024). Quantitative
impedance parameters reveal a noticeable rise in R in solutions that have been inhibited (Table 2), along with a reduction in the values
of the constant phase element. This phenomenon could be credited to the replacement of adsorbed H>,O molecules by components of
BT and the establishment of a dense defensive film on the exterior of the L-CS. The two n values represent homogeneity factors for
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CPE, quantifying surface roughness, non-ideality, or porous film properties. Values of n obtained in this study are less than 1. Ranging
from 0 to 1, n=1 suggests an ideal capacitor, while lower values reflect surface heterogeneity.

The Bode phase angle and magnitude diagrams in Figure 5 further corroborate the EIS outcomes.
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Fig. 5. Bode magnitude and phase angle for L-CS in HCI without BT and in the presence of BT.

In the Bode magnitude diagrams, introducing BT leads to a pronounced rise in the impedance modulus at the low-frequency region.
This behavior signifies an increase in resistance and a suppression of the charge transfer reactions occurring on the L-CS interface
(Mchihi et al., 2025b). Such an enhancement is attributed to the development of a defensive adsorbed layer that hinders L-CS
dissolution. Meanwhile, the high-frequency domain shows minimal variation, indicating that the bulk solution resistance remains
essentially unaffected by the incorporation of BT. Regarding the Bode phase angle plots, the incorporation of BT results in a higher
maximum phase angle and a wide phase peak. This response reflects improved capacitive characteristics and a more uniform surface
condition.

3.4 GC-MS

The GC-MS analysis of the stem bark extract from BT indicates a chemically varied composition, primarily consisting of oxygen-
containing organic compounds, fatty acids, unsaturated hydrocarbons, and derivatives of carbohydrates as shown in Figure 6 and Table
3.
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Fig. 6. BT Chromatogram.
Table 3. Constituents of BT stem extract determined from GC-MS
Peak Retention time Compound % of Total
number (min)
1 5.536 1-Dodecene 0.59
2 7.877 5-Tetradecene, (E)- 1.10
3 9.971 9-Eicosene, (E)- 1.45
4 11.814 B-d-Mannofuranoside, methyl 54.57
5 12.208 Bicyclo[3.1.1]heptane, 2,6,6-trimethyl-, 6.31
(1.alpha.,2.beta.,5.alpha.)-
6 12.420 4-O-Methylmannose 1.50
7 12.580 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 1.73
8 12.969 Pentadecanoic acid, 14-methyl-, methyl ester 0.80
9 13.221 Palmitoleic acid 0.47
10 13.347 n-Hexadecanoic acid 9.49
11 13.507 Hexadecanoic acid, ethyl ester 2.42
12 14.348 9-Octadecenoic acid (Z)-, methyl ester 0.95
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13 14.463 7-Oxabicyclo[4.1.0]heptane, 1,5-dimethyl- 0.29
14 14.537 Methyl stearate 0.45
15 14.720 Oleic Acid 6.51
16 14.881 Octadecanoic acid 3.81
17 15.029 Octadecanoic acid, ethyl ester 1.44
18 15.138 cis-Vaccenic acid 0.36
19 15.264 9,12-Octadecadienoic acid (Z,Z)- 0.48
20 17.026 7-Pentadecyne 0.29
21 18.508 Bis(2-ethylhexyl) phthalate 4.61
22 20.900 Undecane 0.36

This compositional variety is beneficial for corrosion inhibition, as plant-derived inhibitors generally function by means of the
synergistic adsorption of various constituents onto the metal exterior. The most predominant compound detected is methyl -D-
mannofuranoside, comprising 54.57% of the extract, followed by n-hexadecanoic acid (palmitic acid) at 9.49%, oleic acid at 6.51%,
bicyclo[3.1.1]heptane derivatives at 6.31%, and bis(2-ethylhexyl) phthalate at 4.61%. The prevalence of oxygen-rich compounds
indicates that the adsorption process on L-CS surfaces in acidic environments is likely facilitated by donor—acceptor interactions. These
interactions involve the non-bonded electrons present on heteroatoms and the empty d-orbitals of Fe atoms (El-Housseiny et al., 2022).

In addition, compounds derived from carbohydrates hold particular importance in this context. These molecules contain multiple
hydroxyl (—OH) groups, which enhance adsorption through H bonding and coordinate interactions with the metal exterior. In
hydrochloric acid environments, such compounds can produce a shielding hydrophilic layer that restricts the diffusion of aggressive
chloride ions toward the steel surface, thereby reducing anodic metal dissolution (Khalil et al., 2016; Umoren et al., 2016). The presence
of long-chain fatty acids and their esters, including palmitic acid, oleic acid, octadecanoic acid, and their methyl or ethyl esters, further
strengthens the inhibitive potential of the BT extract. These compounds possess polar head groups (—COOH or ester functionalities)
and non-polar hydrocarbon tails. Unsaturated fatty acids such as oleic and palmitoleic acids are especially effective owing to the
existence of pi-electrons in their C=C bonds, which enhance surface interaction through n—d orbital overlap (Elsharif et al., 2020;
Khanra et al., 2018). Minor constituents such as alkenes (e.g., 1-dodecene, tetradecene, eicosene) and cyclic hydrocarbons may also
contribute to inhibition by increasing surface hydrophobicity once adsorbed. Although present in smaller proportions, their cumulative
effect can significantly improve surface coverage (0) and film stability. The detection of bis(2-ethylhexyl) phthalate, a compound
known for strong adsorption tendencies, may also improve the integrity of the adsorbed layer under acidic conditions.

Generally, the inhibitory behavior of BT extract in HCI1 can be attributed to mixed-type adsorption, involving physical adsorption
through electrostatic relations between protonated inhibitor species and the negatively charged L-CS surface, as well as chemical
adsorption via electron donation from heteroatoms and m-systems to iron atoms. The high proportion of oxygenated compounds and
unsaturated fatty acids supports the establishment of a stable, adherent shielding film, explaining the observed performance of BT for
L-CS in HCL

4. Conclusions

BT stem bark extract exhibits appreciable corrosion inhibition performance for L-CS in 1 M hydrochloric acid. Electrochemical
investigations confirm that inhibition efficiency increases with extract concentration, reaching 45% at 1000 ppm from PDP, and 26%
from EIS. Dosages higher than 1000 ppm may likely yield higher efficiency of inhibition. The extract functions as a mixed-type
inhibitor through adsorption-driven film formation on the steel exterior. The presence of heteroatom-rich organic compounds identified
by GC-MS supports the inhibition efficacy of BT. BT stem bark extract exhibited modest performance as an environmental pleasant
inhibitor for L-CS corrosion mitigation in HCl. However, the inhibition efficiency exhibited by BT stem bark is low compared to
inhibition efficiencies reported for other plant extracts. An enhanced inhibition efficiency could be achieved by utilizing a combination
of bark and leaf extracts, or by incorporating other compounds.
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Nomenclature
Symbol Description Unit
Ba Anodic tafel slope mVdec
Bc Cathodic tafel slope mVdec!
BT Bauhinia tomentosa
CPE Constant phase element
EIS Electrochemical impedance spectroscopy
Ecorr Corrosion potential mV/Ag/AgCl
HC1 Hydrochloric acid
Leorr Current Density pAcm?
IE Inhibition efficiency %
L-CS Low-carbon steel
n homogeneity factor
OCP Open circuit potential
PDP Potentiodynamic polarization

Rs Solution resistance Qcm?

Ret Charge transfer resistance Qcm?

Rpo pore resistance Qcm?

0 Surface coverage
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