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Abstract

The corrosion of AISI 4140 alloy steel tubing during oil and gas well acidizing with 15% HCI poses a major challenge.
This study assessed the inhibitory performance of Newbouldia laevis (NBL) leaf extract on AISI 4140 alloy steel in 15%
HCI by integrating mass-loss experiments, electrochemical impedance spectroscopy (EIS), and potentiodynamic
polarization (PDP) measurements, and scanning electron microscopy (SEM). The NBL leaf extract was prepared by
Soxhlet extraction with ethanol and characterized for its phytochemical constituents. A 16-run Optimal Custom Design
(OCD) was generated with immersion time (2, 4, & 6 hrs.), NBL concentration (4, 5 and 6 g/L), and temperature (303,
323 and 353 K) as factors, and corrosion rate and inhibition efficiency as responses. Inhibitor concentrations and
operating conditions were optimized via Response Surface Methodology-Optimal Custom Design (RSM-OCD).
Phytochemical analysis confirmed the presence of flavonoids (most abundant), phenols, tannins, steroids, terpenoids,
and glycosides. RSM-OCD optimization identified the optimal conditions of 2 h, 6 g/L NBL concentration, and 303 K,
predicting a corrosion rate of 1.256 mm/yr and inhibition efficiency of 94.056%. PDP results showed NBL functions as
a mixed-type inhibitor with maximum inhibition efficiency of 89.42% at 7 g/L. EIS confirmed a maximum inhibition
efficiency of 88.31% at 7 g/L. SEM revealed a dense heterogeneous protective film formed by 6 g/L NBL. Therefore, we
recommend NBL leaf extract as a viable, sustainable, and eco-friendly corrosion inhibitor for protecting steel tubing
during acidizing operations in the oil and gas industry.

Keywords: AISI 4140 Alloy Steel; Newbouldia Laevis Leaves; Corrosion; Green Inhibition; Electrochemical
Measurements; Gravimetric Measurements

1. Introduction

Steel corrosion is a major challenge across many industries, arising naturally at the metal-solution interface and
significantly shortening the service life of equipment and tools. Moreover, corrosion can promote the release of toxic
metals from structures and machinery [1-3]. In response, various organic molecules have been identified as effective
corrosion inhibitors for metals and alloys [4-6]. Experimental evidence shows that when these organic molecules
adsorb onto the metal surface, they alter the interfacial properties and disrupt corrosive reactions, thereby efficiently
inhibiting corrosion [7] and reducing reliance on expensive, often environmentally harmful synthetic inhibitors [8].

AISI 4140 steel, an alloy composed primarily of iron and carbon, with chromium and molybdenum as key alloying
elements, is widely used in the oil and gas industry for downhole tools and wellhead components. To boost oil
production, wells are commonly acidized by injecting a solution of 15-28% hydrochloric acid (HCI) through steel tubing
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[9]- This process creates channels in the rock formation to enhance oil flow, and HCl is favored for its strong rock-
dissolving ability and cost-effectiveness [10, 11].

Additionally, because HCl accelerates corrosion of tubing and casing materials, inhibitors are added to the acid during
acidization to protect steel surfaces [12-15]. Most oilfield corrosion inhibitors are organic compounds featuring oxygen,
nitrogen, sulfur, multiple bonds, or heterocyclic and aromatic rings in their molecular structures [16]. Molecules with
lone pairs or m-electrons exhibit strong adsorption to metal surfaces [17-20], and heterocyclic compounds containing
oxygen, nitrogen, sulfur, and unsaturated bonds are particularly effective corrosion inhibitors [21]. Compounds with
nitrogen-containing heterocycles have demonstrated especially high inhibition efficiency in steel-acid systems [22, 23].

The growing environmental awareness and stricter regulations have driven the search for sustainable “green” corrosion
inhibitors [24]. In this regard, plant extracts have been extensively studied as eco-friendly alternatives [25-28]. For
example, pharmacological and physicochemical investigations of NBL have revealed its rich content of flavonoids,
alkaloids, and tannins, with alkaloids exhibiting analgesic activity [29]. NBL has also been shown to possess
antimicrobial and antioxidant properties and is used to treat various ailments [27]. Additionally, previous studies have
explored the efficacy of NBL extracts in mitigating steel corrosion in both sulfuric and hydrochloric acid media. In one
gravimetric study [30], ethanol refluxed leaf extracts were tested at concentrations from 0.1 to 0.5 g/L in 1 M H,SO,.
Mild steel coupons immersed for up to 20 h exhibited a marked decrease in weight loss, from 0.173 g (no inhibitor) to
0.017 g (0.5g/L), and a corresponding reduction in corrosion rate from 43 mmyr™* to 4.2 mmyr " Inhibition
efficiencies rose from 72% to 90% with increasing extract concentration. A similar investigation [31] confirmed these
findings: at 0.1 g/L and 0.5 g/L, inhibition efficiencies reached 88% and 93% respectively, after 20 h in 1 M H,SO,.
Another weight loss study [32] showed that ethanol extracts of NBL leaves effectively inhibited corrosion of high carbon
steel in 1 M sulphuric acid over 20 hours. The extract reduced corrosion rates significantly, with inhibition efficiency
increasing with concentration: 88% at 0.1 g/L and a maximum of 93% at 0.5 g/L after 20 hours. These results confirm
a clear concentration-dependent protective effect, highlighting the extract’s potential as an efficient, eco-friendly
corrosion inhibitor in acidic media.

Collectively, these results demonstrate that NBL leaf extract significantly extends the service life of carbon steels in
acidic medium. Extending the inquiry to hydrochloric acid, stem bark and leaf extracts of NBL were evaluated in 0.5 M
HCI [33]. After six hours at 309 K, the stem bark extract achieved an inhibition efficiency of 85%, while the leaf extract
reached 76.7%. Adsorption behavior followed Langmuir, Temkin, and Adejo Ekwenchi isotherms, indicating
chemisorption as the dominant mechanism. These studies collectively establish NBL extracts as potent, green corrosion
inhibitors for mild steel in acidic environments, offering a sustainable alternative to conventional synthetic inhibitors.

Therefore, optimizing inhibitor concentration and process parameters through the RSM-OCD technique is critical to
maximizing the efficacy of plant-derived extracts. Moreover, elucidating the corrosion behavior of AISI 4140 steel tubing
in highly acidic environments (15 % HCI)- which is the typical condition used in oil and gas well acidization operation
and quantifying the protective effect of NBL extract will both deepen the mechanistic understanding and accelerate the
adoption of bio-based corrosion inhibitors. In this work, we assessed the inhibitory performance of NBL leaf extract on
AISI 4140 alloy steel in 15 % HCI by integrating mass-loss experiments, electrochemical impedance and polarization
measurements, and scanning electron microscopy (SEM). Inhibitor concentrations and operating conditions were
systematically optimized via an RSM-OCD method, ensuring a data-driven path to robust, sustainable corrosion
protection.

2. Materials And Method

The NBL leaves depicted in Figure 1a were collected from Anupama Village, in Oba, located in Ide Mili-South Local
Government Area of Anambra State, Nigeria. Prior to use, the leaves were thoroughly washed to eliminate sand and
other impurities and subsequently sun-dried for eight (8) days to prepare them for the extraction of corrosion-
inhibiting constituents as presented in Figure 1b. Additionally, three (3) AISI 4140 steel tubing samples, each measuring
590 mm in length, with an external diameter of 25 mm and an internal diameter of 20 mm, as illustrated in Figure 2,
were procured from Dashing Company, China, and imported into Nigeria for this study. To confirm the material’s
chemical composition and ensure consistency with the accompanying material data chart, the steel samples were
analyzed using an Atomic Emission Spectroscopy (AES) system.
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Figure 2 Image of AISI 4140 alloy steel tubing

2.1. Formulation of the NBL-Based Inhibitor

The materials used for the extraction process included a 500 mL capacity heating mantle, measuring cylinder, analytical
balance, semi-permeable membrane, 500 mL quick-fit Soxhlet extraction system, ethanol, water circulation tubes, and
a rotary evaporator. The sun-dried NBL leaves were pulverized using a 650W electric blender and stored in clean,
moisture-free containers in preparation for Soxhlet extraction. A 30 g portion of the ground and sieved sample was
weighed, wrapped in cotton fabric, and inserted into the thimble of a 500 mL Soxhlet extractor. The Soxhlet apparatus
consisted of a thimble, a condenser, and a 500 mL flat-bottom round flask. A 250 mL volume of ethanol was measured
and poured into the round-bottom flask. The Soxhlet setup, containing the sample enclosed in the semi-permeable
membrane, was assembled and connected to the condenser, which was fitted onto the flask containing ethanol. The
system was heated to 80 °C using the heating mantle, while water was continuously circulated through the condenser’s
jacket to ensure efficient condensation. Extraction continued until the phytochemical constituents were fully extracted.
The spent residue in the membrane was then discarded. Subsequently, the ethanol-phytochemical mixture in the round-
bottom flask was subjected to distillation in a water bath maintained at 80 °C. During the process, ethanol was
evaporated and collected separately, leaving the concentrated phytochemical extract in the flask. The final extract was
sealed in an air-tight container and stored under cool, dry conditions. The NBL leaf extract obtained via Soxhlet
extraction, and its various concentrations used in this study are delineated in Figure 3.
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Figure 3 NBL inhibitor securely kept inside an airtight container (a) just as extracted from the Soxhlet machine (b)
prepared to solutions of 4, 5, and 6g/1

2.2. Preparation of Test Samples from AISI 4140 Steel Tubing

The test specimens were cut and machined into rectangular coupons with dimensions of 25 mm x 20 mm x 0.5 mm for
gravimetric analysis, and 2 cm x 2 cm x 0.5 cm for electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) evaluations as displayed in Figure 4. The elemental composition of the base material was determined
using an AES analyzer to verify material conformity. Surface preparation was performed by sequential polishing with
emery papers of varying grit sizes (800 and 220) to ensure a smooth and uniform metallic surface for accurate corrosion
assessment. The polished samples were then degreased with acetone to remove residual oils or organic impurities,
thoroughly rinsed with distilled water, air-dried, and stored in a desiccator to prevent oxidation and environmental
contamination. Each coupon’s initial weight was recorded using a high-precision electronic analytical balance to
facilitate accurate post-exposure measurements.

Figure 4 Some of the prepared samples used for the corrosion assessment tests

2.3. Preparation of the Corrosive Medium

In this investigation, a 15% hydrochloric acid (HCI) solution, commonly utilized in oil well acidization processes, was
prepared from an analytical-grade stock solution. The concentrated HCI had an initial concentration of 35%, a density
of 1.18 g/cm?, and a molar mass of 36.46 g/mol. The dilution was carried out using the standard dilution equation, as
shown in Equation (1), to achieve the target concentration. Based on the calculated proportions, a 2000 mL solution of
15% HCI (equivalent to 4.42 M) was obtained by mixing 780 mL (920 g) of the 35% HCI stock solution with 1220 mL
(1220 g) of distilled water.

GV =GV,
Where: C_1 = initial concentration of HCl (35% or 11.33 M), V_1 = volume of 35% HCI solution required, C_2 = desired

concentration of HCI (15% or 4.42 M), V_2 = final volume of 15% HCl solution = 2000 ML.
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2.4. Qualitative and Quantitative Phytochemical Analysis of NBL

Phytochemical analysis of the NBL extract was performed using both qualitative and quantitative approaches. The
qualitative analysis confirmed the presence or absence of specific phytochemical constituents, while the quantitative
evaluation provided precise measurements of their concentrations. These analyses were meticulously carried out
following established protocols as outlined in the literature [34-37]. The primary phytochemicals examined in the NBL
extract included phenols, flavonoids, saponins, alkaloids, tannins, terpenoids, glycosides, and steroids.

2.5. D-Optimal Experimental Design (DoE)

The experimental framework was constructed using the Optimal Custom Design (OCD) module, a specialized subset of
RSM integrated within Design Expert Software v13.0. This methodology provides a highly flexible design structure
capable of accommodating custom models, categorical variables, and irregular or constrained experimental regions.
The selection of experimental runs was determined based on predefined selection criteria established during the model-
building phase. In this study, time was designated as a fixed numeric factor, while NBL concentration and temperature
were treated as categorical variables. These three parameters served as the independent (input) factors, with corrosion
rate (CR) and inhibition efficiency (IE) defined as the dependent response variables. To efficiently explore the design
space, the “Both Exchanges” search algorithm, combining Point Exchange and Coordinate Exchange strategies, was
employed. The OCD methodology is based on D-optimality, which produces a design that best estimates the effects of
the factors on responses. The algorithm picks points that minimize the volume of the confidence ellipsoid for the
coefficients. The mathematical constraints and inequalities guiding the formulation of this design space are delineated
accordingly. The final experimental matrix, consisting of 16 design runs, is summarized in Table 1.

303 < Temperature < 353
4 < NBL concentration < 6
2hrs. < Time < 6hrs

Table 1 Experimental design (DoE)

Factor 1 | Factor 2 Factor 3

Run | A: Time | B: NBL concentration | C: Temperature
Hrs. g/l K

1 4 5 303

2 5 4 303

3 2 6 303

4 3 6 353

5 6 4 323

6 3 4 323

7 6 5 323

8 2 5 353

9 6 6 353

10 2 4 353

11 2 6 323

12 2 5 303

13 5 4 353

14 6 6 303

15 5 6 323

16 6 5 353
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2.6. Corrosion Assessment Using the Gravimetric Method

The corrosion behavior of AISI 4140 steel coupons in 15% HCI solution and the inhibitory effectiveness of NBL were
evaluated using the weight loss method, following the experimental design detailed in Table 1. Each experimental
condition specified in the design of experiments (DoE), including temperatures of 303 K, 323 K, and 353 K, NBL
concentration, as well as defined exposure durations, was systematically examined under two distinct scenarios: in the
absence of the inhibitor (blank) and the presence of NBL at varying concentrations. Prior to immersion, the steel
coupons (2.5cm x2cmx0.5cm) were accurately weighed using a high-precision electronic balance (+0.01 mg accuracy),
in accordance with ASTM G31-72 guidelines [38]. The samples were then immersed in 100 mL of 15% HCI solution
without any inhibitor. Following the specified exposure period, the coupons were removed, gently brushed to eliminate
corrosion residues, dried using a hot air blower, and reweighed to determine material loss. The procedure was
subsequently repeated for each of the three NBL inhibitor concentrations: 4.0 g/L, 5.0 g/L, and 6.0 g/L, ensuring
consistency across all test parameters both in the presence and absence of the inhibitor. From the recorded weight loss
values, key corrosion metrics, including corrosion rate (CR), inhibition efficiency, and surface coverage, were computed
using Equations 2-4 [39].

cr = 8764w
T pAt
CI‘1 - CI‘2
% = ——x100
1
_ Cr1—Cr;
0= Crq

Where: AW = weight loss after immersion in the absence and presence of various concentrations of NBL (mg), p =
density of the material (g/cm3), A = cross-sectional area of the material (cm2), t = exposure time in the corrosive
medium (hrs.), Cr_1 = corrosion rate in the absence of inhibitors (mm/yr.), Cr_2 = corrosion rate in the presence of
inhibitors (mm/yr.).

2.7. Response Optimization Using RSM-OCD

To identify the optimal combination of experimental factors for achieving the most favorable response outcomes, RSM-
0CD was employed for process optimization. The optimization strategy strictly adhered to the predefined criteria and
target objectives presented in Table 2. Additionally, an Analysis of Variance (ANOVA) was conducted to quantify both
the main and interaction effects of the independent variables on the measured responses. This statistical evaluation
facilitated the determination of which input factor (regressor) had the most significant positive or negative impact on
the corrosion rate (CR) and inhibition efficiency (IE). ANOVA was executed at a 95% confidence interval, corresponding
to a significance level of 5%.

Table 2 RSM optimization goals

S/N | Factors Criteria/goal
1 TA concentration | In-range

2 Temperature In-range

3 Time In-range

4 CR Minimize

5 IE Maximize

2.8. SEM Examination

Scanning electron microscopy (SEM) was employed to investigate the surface morphology changes on AISI 4140 steel
caused by corrosion in a highly aggressive acidic environment and to assess the corrosion inhibition performance of
Newbouldia laevis (NBL) extract. This method provided high-resolution images of the surface topography, enabling
clear observation of the degree of corrosion attack and the presence of any protective film formed through inhibitor
adsorption. Steel specimens were exposed to 15% HCI at 353 K for 6 hours under two conditions: (i) the blank
(uninhibited) solution and (ii) the solution containing the optimum inhibitor concentration of 6 g/L NBL. The surface
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morphologies obtained in both cases were imaged at 300x magnification and directly compared to reveal differences in
surface roughness, pit formation, cracking, and the extent of protective layer coverage.

2.9. EIS and PDP Studies

Electrochemical measurements were conducted using a Potentiated/Galvano stat 263A electrochemical workstation
coupled with a conventional three-electrode corrosion cell setup. A graphite rod served as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode, and polished AISI 4140 steel coupons prepared by
sequential grinding with emery papers of decreasing grit sizes, rinsed with distilled water, and mounted in epoxy resin
to expose a 1 cm? working area as the working electrode. All experiments were performed in naturally aerated,
unstirred solutions at room temperature (25 °C). Prior to each measurement, the working electrode was allowed to
stabilize freely for 3600 s (1 hour) to attain a stable open-circuit potential (OCP), denoted as the corrosion potential
(Ecorr). Potentiodynamic polarization (PDP) scans were then recorded by sweeping the potential from -500 mV to
+500 mV relative to the OCP at a scan rate of 1 mV/s (0.001 V/s), covering both cathodic and anodic regions.
Electrochemical impedance spectroscopy (EIS) was additionally employed to probe the reaction kinetics, interfacial
properties at the metal-electrolyte interface, and the protective influence of the NBL extract on corrosion processes.
EIS measurements were performed at the OCP using a small sinusoidal perturbation of 10 mV (rms) over a frequency
range from 100 kHz to 100 mHz. Inhibition efficiencies were subsequently determined from the PDP and EIS data using
Equations 5 and 6, respectively [39, 40].

Ii
IE % = (1 - ‘;°“"> X 100

corr

RO
IE % = (1——.“>>< 100
Rl

ct

2.9.1. Were

I_CORR”0 = corrosion current density when no inhibitor is applied,
I_CORR”I = corrosion current density when the inhibitor is applied,
R_CT”0 = charge transfer resistance when no inhibitor is applied,
R_CT"I = charge transfer resistance when the inhibitor is applied.

3. Results And Discussions

3.1. Characterization Result of AISI 4140 Alloy Steel Tubing

The elemental compositions of the AISI 4140 coupon as determined with AES are presented in Table 3. According to the
data in Table 3, the AISI 4140 steel coupon comprises approximately 97.24% iron (Fe), rendering it highly susceptible
to corrosion in aggressive environments, such as the hydrochloric acid (HCl) medium employed in this study.

Table 3 Elemental compositions of AISI 4140 steel Coupon

Elements | Fe C Si Mn P S Cr Ni Mo
(%) (%) (%) (%) (%) (%) (%) (%) (%)
% 97.24 | 0.3679 | 0.1414 | 0.5926 | <0.02 | 0.0475 | 0.7436 | 0.0773 | <0.01
Elements | Cu Al Ti \% Co Nb w Sn CE
(%) (%) (%) (%) (%) (%) (%) (%) (%)
% 0.3473 | 0.0522 | 0.0037 | 0.0251 | <0.004 | 0.0237 | <0.05 | >0.1 0.69.02

3.2. Qualitative and Quantitative Phytochemical Analysis Results of NBL

The phytochemical analysis of NBL leaf extract revealed the presence of several bioactive compounds, both qualitatively
and quantitatively, as shown in Table 4.
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Table 4 Phytochemical analysis result of NBL

Phytochemicals | Qualitative Result (+ means presence & - means absence) | Quantitative (using 1g)
Saponins - -

Alkaloids - -

Flavonoids + 0.00712g

Phenols + 0.00481g

Tannins + 0.00617g

Steroids + 0.00243g

Terpenes + 0.00317g

Glycosides + 0.00617g

The results indicated tannins, flavonoids, steroids, glycosides, terpenoids, and phenols. Flavonoids were the most
abundant, suggesting a significant role in corrosion inhibition due to their ability to form stable complexes with metal
surfaces through oxygen-containing functional groups and m-electron systems [41]. Tannins and glycosides, present in
comparable quantities, likely contribute to inhibition by forming protective films via adsorption and complexation with
iron ions [21, 24]. Phenols, with moderate content, enhance antioxidant properties, reducing oxidative corrosion
processes [27]. Terpenoids and steroids, though less abundant, may support inhibition through hydrophobic
interactions that repel corrosive species. These phytochemicals collectively facilitate the adsorption of NBL extract onto
the AISI 4140 steel surface, forming a protective barrier against the aggressive HCl environment. The quantitative
distribution underscores the synergistic effect of these compounds, with flavonoids and tannins playing dominant roles
in the inhibition mechanism, as their heteroatoms and aromatic structures promote strong chemisorption and
physisorption.

3.3. Process Modeling and Optimization via RSM-0OCD

Tables 5 and 6, respectively, show the ANOVA for CR and IE factors. From Table 5, it can be deduced that the independent
factors- immersion time, inhibitor concentration, and temperature had significant effects on CR, with factor interaction
effects between time and inhibitor concentration (AB), time and temperature (AC), and inhibitor concentration and
temperature (BC). These individual and factor interactive effects on CR are significant as shown by their respective p-
values, which were all less than 0.05 using a confidence interval of 95% (significance value, a=5%).

Table 5 Analysis of variance (ANOVA) for the CR factor

Source Sum of Squares | DF | Mean Square | F-value | p-value
Model 636.71 14 | 45.48 8601.87 | 0.0085 | significant
A-Time 50.73 1 50.73 9595.10 | 0.0065
B-NBL concentration | 33.07 2 16.54 3127.65 | 0.0126
C-Temperature 463.60 2 231.80 43842.59 | 0.0034
AB 11.04 2 5.52 1043.59 | 0.0219
AC 13.11 2 6.56 1240.07 | 0.0201
BC 6.04 4 | 151 285.51 0.0444
A? 0.5826 1 0.5826 110.18 0.0605
Residual 0.0053 1 0.0053

Cor Total 636.71 15
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Table 6 Analysis of variance (ANOVA) for IE factor

Source Sum of Squares | DF | Mean Square | F-value | p-value

Model 1449.98 5 290.00 109.33 | <0.0001 | significant
A-Time 122.44 1 122.44 46.16 <0.0001

B-NBL concentration | 119.51 2 59.76 22.53 0.0002
C-Temperature 1093.86 2 546.93 206.19 | <0.0001

Residual 26.53 10 | 2.65

Cor Total 1476.51 15

Additionally, all the considered independent factors had significant effects on the inhibition efficiency (IE), with no
significant interactive effects, as confirmed by P-values below 0.05 in Table 6. Figures 5-7 show the plots of the
desirability function, corrosion rate (CR), and inhibition efficiency (IE), respectively, as functions of time, NBL
concentration, and process temperature. The optimal solution from the RSM-OCD was obtained at a desirability value
of 1.0, corresponding to the following independent factor levels: time = 2 h, NBL concentration = 6 g/L, and temperature
= 303 K. At this optimal point, the predicted response values were CR = 1.256 mm/yr and IE = 94.056%. These results
indicate that lower exposure time and process temperature, combined with higher inhibitor concentration, increase IE
while reducing CR. The optimal points are also illustrated in Figures 6 and 7, along with the predicted response surfaces.
Furthermore, Figure 6 shows that CR increases with increasing time and temperature but decreases with increasing
inhibitor concentration. Similarly, Figure 7 reveals that IE decreases as time and temperature increase but rises with
increasing inhibitor concentration. This behavior of the NBL inhibitor strongly suggests physisorption characteristics,
as inhibition efficiency typically decreases with rising temperature in physisorption-dominated systems. Therefore, the
NBL inhibitor performs most effectively under conditions of low temperature and short exposure time, combined with
higher concentrations although the use of higher inhibitor concentrations may present economic disadvantages.
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Figure 5 Desirability function plot for (a) time, (b) NBL concentration, and (c) temperature
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3.4. Electrochemical Measurement Results

3.4.1. Potentiodynamic Polarization (PDP)

The PDP parameter for AISI 4140 alloy steel in 15% HCI, with and without NBL inhibitor are summarized in Table 7,
while the corresponding Tafel plot is depicted in Figure 8. Based on Table 7, the corrosion current density (Icorr)
decreases markedly with rising NBL concentration, from 37.23 pA/cm? in the blank (0 g/L) to 3.94 pA/cm? at 7 g/L.
This decline signifies reduced corrosion kinetics, attributed to the adsorption of NBL's phytochemical constituents onto
the steel surface, forming a barrier that hinders electron transfer and corrosive ion access [39, 42]. The inhibition
efficiency (IE) increased from 77.41% at 4 g/L to 89.42% at 7 g/L, demonstrating concentration-dependent protection
typical of green inhibitors [33].

Table 7 Potentiodynamic Polarization (PDP) result of AISI 4140 coupon in 15% HCI with and without NBL inhibitor

System (15% HCI) | ECORR (mV) | ICORR (uA/cm?) | B,(V/dec) | -B.(V/dec) 0 IE (%)
Blank -832 37.23 0.358 0.722 - -

4g/1 of TA -942 8.41 0.221 0.612 0.7352 | 77.41
5g/l1 of TA -961 6.51 0.116 0.587 0.8252 | 82.51
6g/1 of TA -978 5.13 0.088 0.564 0.8622 | 86.22
7g/1 of TA -987 3.94 0.061 0.546 0.8942 | 89.42

Additionally, the corrosion potential (Ecorr) shifts cathodically from -832 mV (blank) to -987 mV at 7 g/L, indicating
preferential suppression of the cathodic hydrogen evolution reaction [43]. Nonetheless, reductions in both anodic (f3a,
from 0.358 V/dec to 0.061 V/dec) and cathodic (Bc, from 0.722 V/dec to 0.546 V/dec) Tafel slopes suggest NBL
functions as a mixed-type inhibitor, modulating both anodic metal dissolution and cathodic processes (that is hydrogen
evolution) [44].
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Figure 8 Tafel polarization plot of AISI 4140 coupon in 15% HCl with and without NBL inhibitor

In Fig. 8, the Tafel plots exhibit a progressive shift of polarization curves to lower current densities and more negative
potentials with higher NBL concentrations, without altering the curve shapes, implying unchanged reaction
mechanisms but effective site-blocking adsorption [39]. The steeper anodic branches at elevated concentrations align
with the diminished (3a values in Table 7, confirming enhanced anodic inhibition alongside cathodic dominance.

3.4.2. Electrochemical Impedance Spectroscopy (EIS)

The equivalent electrical circuit employed for interpreting the electrochemical impedance spectroscopy (EIS) results
consists of the solution resistance (Rs), charge transfer resistance (RCT), inductive resistance (RL), and a constant phase
element (CPE), as illustrated in Fig. 9. The impedance of the CPE follows a capacitive formulation, except that its phase
angle remains independent of frequency, as expressed in Equation (6).

1
Zeps = ——
PET Qo)

Where: Qo = the constant phase element (CPE) with the numerical value of admittance, n = an exponent ranging from
-1 to 1. Specifically, when n = -1, 1/QO corresponds to inductance; when n=0, QO equals admittance and indicates low
surface inhomogeneity; when n = 0.5, ZCPE represents the Warburg impedance; and when n = 1, Qo corresponds to
capacitance. The term j = the imaginary unit.

CPE

Ry

Figure 9 The equivalent circuit used in fitting the electrochemical impedance data
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The double layer capacitance was computed using equation 7.
1

Cq =
RctRL
2 fnas (7o 5 )

Where f,,,4, = the frequency corresponding to the maximum imaginary impedance.

The EIS study provided quantitative insight into the interfacial adsorption and protective film formation by NBL
inhibitor during the steel corrosion in 15% HCI. The fitted parameters are summarized in Table 8, while the
corresponding Nyquist plots are shown in Figure 10. The Nyquist spectra shown in Figure 10 consist of single depressed
semicircular arcs for both blank and inhibited systems, confirming that corrosion remains under charge-transfer control
without change in the fundamental mechanism upon NBL addition. The capacitive loop diameter enlarges markedly
with increasing NBL concentration, attaining the largest size at 7 g/L. This visual progression aligns precisely with the
charge-transfer resistance (RCT) values in Table 8, which rise from 412.7 Q-cm? (blank) to 3530.37 Q-cm? at 7 g/L NBL.
Such increase demonstrates the successful adsorption of NBL phytoconstituents, forming a compact barrier layer that
blocks active sites and retards electron transfer [33].

Table 8 The EIS results of corrosion action of AISI 4140 coupon in 15% HCI with and without NBL inhibitor

System (in 15% HCI) | R, (Q.cm?) | R, (2.cm?) | R, (R.cm?) | n Cy (UF.cm™2) 0 IE (%)
Blank 2.02 6.28 412.7 0.871 | 40.80 - -

4g/1 of TA 2.26 177.12 1693.48 0.916 | 31.12 0.7563 | 75.63
5g/l of TA 2.20 456.43 2044.08 0.938 | 19.54 0.7981 | 79.81
6g/l of TA 2.53 398.20 2834.48 0.946 | 11.32 0.8544 | 85.44
7g/1 of TA 2.74 488.04 3530.37 0.957 | 4.26 0.8831 | 88.31

In addition, the double-layer capacitance (Cdl) decreases sharply from 40.80 uF-cm™2 (blank) to 4.26 uF-cm™2 at 7 g/L,
attributed to the replacement of water and aggressive ions by larger, less dielectric inhibitor molecules, thereby
thickening the electrical double layer [39]. The increase in the constant-phase element exponentn (from 0.871 to 0.957)
further indicates improved surface homogeneity and reduced roughness due to uniform inhibitor coverage [44].
Inhibition efficiency derived from Rct reaches a maximum of 88.31% at 7 g/L, corroborating the PDP results and
confirming the concentration-dependent, adsorption-driven performance of NBL. The slight rise in solution resistance
(Rs) and pronounced increase in RL reinforce the development of a stable protective film at the metal-electrolyte
interface. Figure 11 clearly delineates the Bode plots, which corroborate the foregoing discussions.
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Figure 10 Nyquist plot for AISI 4140 alloy steel in 15% HCl with and without NBL inhibitor

The magnitude plot (shown on the left-side plot), the low-frequency impedance modulus (|Z]) increases markedly with
NBL concentration, attaining the highest value at 7 g/L. This steady increase directly corresponds to the rise in Rct from
412.7 Q-cm? (blank) to 3530.37 Q-cm? (7 g/L) and the parallel reduction in Icorr, confirming the progressive build-up
of a highly resistive protective film by adsorbed NBL phytoconstituents [39]. Also, for the phase-angle plot (shown on
the right-side of plot), the maximum phase angle increases and approaches closer to 90° while the phase peak broadens
with rising NBL concentration. This behavior reflects a transition to a more ideal capacitive response, indicating the
formation of a thicker, denser, and less defective adsorbed layer that effectively impedes charge transfer and enhances
surface homogeneity [39, 44]. The trend aligns precisely with the increase in CPE exponent n (from 0.871 to 0.957) and
the sharp drop in Cdl (40.80 to 4.26 uF-cm™%) reported in Table 8.
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Figure 11 Bode plot for AISI 4140 alloy steel in 15% HCl with and without NBL inhibitor

Therefore, the Bode results reinforce that NBL functions as an efficient mixed-type green inhibitor, delivering
concentration-dependent protection up to 89.42 % (PDP) and 88.31 % (EIS) through strong adsorption without altering
the underlying corrosion mechanism.

3.5. Surface Characterization

The SEM micrographs at 300x magnification in Figure 12 provide direct physical evidence of the corrosion inhibition
by 6 g/1 of NBL on AISI 4140 alloy steel after 6 h immersion in 15% HCI at 353 K. Figure 12a shows the as-received
polished surface with a smooth and uniform morphology revealing the internal build of the steel. Also, in the absence of
NBL inhibitor as shown in Figure 12b, the surface suffers severe degradation characterized by deep cracks, extensive
pitting, and a highly rough, porous texture, confirming aggressive acid attack on the unprotected steel. But with the
addition of 6 g/l of NBL as presented in Figure 12c, the surface showed evidence of layer coverage by a dense,
heterogeneous protective film (NBL Protective layers). This adsorbed layer effectively shields the substrate,
substantially reducing the cracks and pits observed in the blank specimen. This observation is in firm agreement with
the reports of [39, 45, 46]. These morphological changes offer compelling visual confirmation of the adsorption-driven
mechanism established from PDP (mixed-type behavior, IE% up to 89.42%) and EIS (increased Rct up to 3530.37 Q-cm?,
decreased Cdl, IE% = 88.31%), demonstrating that NBL phytochemicals form a stable barrier film that retards corrosive
attack without altering the underlying mechanism.

Corrosion effects
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Figure 12 SEM at 300x for (a) the as-received AISI 4140 alloy steel coupon, (b) sample immersed in 15% HCl without
NBL inhibitor at the conditions of 353K and 6hrs. immersion time, (c) sample immersed in 15% HCl with 6g/1 of NBL
inhibitor at the conditions of 353K and 6hrs. immersion time

4., Conclusions and Direction for Future Studies

The primary objective of this investigation was to evaluate the corrosion inhibition performance of NBL leaf extract on
AIS14140 alloy steel in 15% HCI, the aggressive medium typically employed during oil and gas well acidizing operations,
and to systematically optimize the key process parameters (immersion time, inhibitor concentration, and temperature)
using the RSM-OCD approach. This study successfully demonstrated the potential of NBL leaf extract as an efficient,
sustainable, and eco-friendly green corrosion inhibitor that offers a viable alternative to conventional synthetic
inhibitors while deepening the mechanistic understanding of bio-based corrosion protection. The key findings are
summarized as follows

e RSM-0OCD optimization identified the optimal conditions as 2 h immersion time, 6 g/L NBL concentration, and
303 K temperature, with predicted corrosion rate of 1.256 mm/yr. and inhibition efficiency of 94.056%.

e Potentiodynamic polarization studies confirmed NBL as a mixed-type inhibitor, with corrosion current density
decreasing from 37.23 pA/cm? (blank) to 3.94 pA/cm? at 7 g/L, inhibition efficiency reaching 89.42%, and a
cathodic shift in corrosion potential from -832 mV to -987 mV.

e Electrochemical impedance spectroscopy results showed single depressed semicircular arcs, with charge-
transfer resistance increasing from 412.7 Q-cm? (blank) to 3530.37 Q-cm? at 7 g/L, double-layer capacitance
decreasing from 40.80 puF-cm™ to 4.26 pF-cm™2, CPE exponent n increasing from 0.871 to 0.957, and inhibition
efficiency of 88.31%.

e SEM micrographs at 300x revealed severe degradation with deep cracks, pitting, and rough porous texture in
the blank specimen after 6 h at 353 K, while the surface with 6 g/L NBL exhibited markedly smoother
morphology covered by a dense heterogeneous protective film.

e Phytochemical analysis identified flavonoids (0.00712 g), phenols (0.00481 g), tannins (0.00617 g), steroids
(0.00243 g), terpenoids (0.00317 g), and glycosides (0.00617 g) as the bioactive constituents responsible for
adsorption-driven inhibition.

e ANOVA confirmed that immersion time, NBL concentration, temperature, and their interactions (AB, AC, BC)
had significant effects on corrosion rate and inhibition efficiency (p < 0.05).

However, future investigations should integrate advanced machine learning algorithms with the RSM-OCD framework

to enhance predictive accuracy and should conduct field trials under actual oil and gas well acidizing conditions to
deepen mechanistic understanding and accelerate the adoption of this bio-based corrosion inhibitor.
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