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Abstract

This paper presents an evaluation of the corrosion behavior of mild steel in hydrochloric acid solution. Mild steel corrosion rates were predicted within
the range of 0.0036 - 0.0086gcm™ h!, considering hydrogen evolution rates between 0.0086 and 0.0568 ml cm™ min. Bilberry cactus extract has high
inhibition efficiencies due to corrosion & hydrogen evolution, reaching (44.76 - 70.83)% and (43.49 - 70.11)%, respectively. These results align closely
(B)y(ﬂc/ nH)
with the predictions of the derived empirical model. The model expresses corrosion rate as an exponential function given by: & = he

where é‘,Y, nc and 77H are mild steel corrosion rate (gcm? h™), hydrogen evolution rate (ml cm™ min), inhibition efficiency due to weight loss or

corrosion (%), and inhibition due to hydrogen evolution (%), respectively. These equalizing constants b and 3 are 1.0034 and 19.036, respectively. Model
predictions deviated by < 6.3% from experimental values, corresponding to an operational confidence level above 93.7%. Its validity is reinforced by
_ (/3)7(770/77H) _ _ o _
the core expression: & [ h = e , where both sides are nearly equal. The standard error in predicting corrosion rates was only 0.0002%,
confirming the model’s precision. Furthermore, correlation coefficients between the predicted corrosion rate and inhibition due to corrosion, inhibition
due to hydrogen evolution, and the hydrogen evolution rate exceeded 0.94, underscoring the reliability of the model.

Introduction

The corrosion of mild steel in acidic environments,
particularly hydrochloric acid, remains a pressing challenge in
industrial processes such as pickling, descaling, and oil well
acidizing. Conventional inhibitors, though effective, often pose
environmental and health hazards as they are considered toxic.

Literally, this has stimulated a turning point and hence driven
research into plant-based extracts, which are biodegradable
and eco-friendly, with fewer environmental implications [1-4].
Over the past two decades, numerous studies have examined
the inhibitory potential of various plant extracts, each with
distinct phytochemical compositions that enable adsorption
onto steel surfaces and the formation of protective films [5-9].

Citation: Dan NE, Taiwo 00, Nwoye C, Behera A. Assessment and Predictive Modeling of Bilberry Cactus Extracts as Green Corrosion Inhibitor for Mild Steel surface
protection from hydrogen evolution. Adv Appl Stat Probab. 2026; 3(1):1-7. Available from: https://dx.doi.org/10.17352/aasp.000004



™ PeertechzPublications Inc.

https://www.mathematicsgroup.com/aasp ‘ 8

One of the pioneering studies involved pineapple leaf extract,
which contains lignin, cellulose, and polyphenolic compounds.
Scientists reported inhibition efficiencies exceeding 95% in
a hydrogen sulfide environment with a corrosion inhibition
concentration of 1 g/L at a temperature of 303K, with adsorption
following Langmuir isotherm behavior, which enhanced
surface coverage [10]. Similarly, Sida acuta extract has been
extensively studied, as some of the researchers demonstrated
that its alkaloids, flavonoids, and tannins significantly reduced
corrosion rates in acidic media [11-14]. Thermodynamic
studies revealed negative Gibbs free energy values, confirming
spontaneous adsorption. Polarization measurements showed
that Sidaacuta acts as a mixed-type inhibitor, suppressing
both anodic dissolution and cathodic hydrogen evolution.
Its efficiency was concentration-dependent, with optimal
performance at moderate extract levels. Black pepper extract,
rich in piperine in the presence of HCl, has been studied
[15-18]. Findings from some of the researchers recorded an
appreciable increase in corrosion mitigation performance with
an efficacy of 92%, which was examined using a polarization
approach and electrochemical impedance spectroscopy (EIS).
Fourier transform infrared spectroscopy (FTIR) analysis
confirmed adsorption of functional groups onto steel surfaces,
while kinetic studies showed increased activation energy in the
presence of the extract, suggesting reduced corrosion kinetics.
The extract’s effectiveness was attributed to the synergistic
action of multiple phytochemicals, which provided both
physical barrier protection and chemical passivation.

Research on Hunteria umbellata seed husk extract
highlighted its potential as a green inhibitor [19,20]. Some
studies found inhibition efficiencies of 76.9% and 74% in
5% HCl and H,SO,, respectively. The husk’s alkaloids and
tannins were responsible for adsorption, and electrochemical
studies confirmed its mixed-type inhibition behavior. Its
eco-friendly nature and local availability make it particularly
relevant in African industrial contexts and subsequently drive
its application. Similarly, the use of pomegranate alkali extract
has also been studied by researchers; one of the findings
showed that alkali-treated pomegranate peel extract achieved
inhibition efficiencies above 80%. The alkali treatment
enhanced the availability of active functional groups, improving
adsorption capacity. Electrochemical studies revealed that the
extract acted as a mixed-type inhibitor, reducing both anodic
and cathodic reactions. The adsorption process followed the
Langmuir isotherm, and thermodynamic parameters confirmed
spontaneous adsorption.

Bilberry Cactus extract has gained attention in recent
years [21,22]. In the presence of HCI, the inhibition efficiency
showed an increase of 85% at 0.5 g/L concentration, with
the increase in efficiency directly related to Bilberry Cactus
extract concentration. Hydrogen evolution studies confirmed
suppression of cathodic reactions, which was suggested to be
due to the presence of extract, while FTIR analysis showed shifts
in functional group peaks after adsorption, indicating chemical
interaction with steel surfaces. A team of researchers [23]
demonstrated that adsorption followed Langmuir and Temkin
isotherms, with negative Gibbs free energy values confirming

the process of spontaneous adsorption. Bilberry Cactus
extract acts as a mixed-type inhibitor, and its phytochemical
composition, rich in alkaloids, tannins, saponins, and
flavonoids, provides synergistic protection. Compared to other
plant extracts, Bilberry Cactus shows superior performance,
making it a promising candidate for industrial applications
[21]. Taken together, these studies underscore the viability of
plant extracts as sustainable corrosion inhibitors. Empirical
Modelists have predicted the inhibition efficiency (due to
weight loss) of bilberry cactus extract on mild steel corrosion
rate, while submerged in HCl acid solution, based on the
inhibition efficiency due to hydrogen evolution and hydrogen
evolution rate [21].

This paper investigates the surface modification of mild
steel due to the presence of HCI in Bilberry Cactus to derive an
empirical model. Along with the derived exponential function,
the hydrogen evolution rate on which the corrosion rate is
dependent is raised to a dimensionless term, which is a ratio
of the inhibition efficiencies due to corrosion and hydrogen
evolution.

Novelty of the empirical model

Unlike conventional adsorption-based models (Langmuir,
Temkin), the empirical model expresses corrosion rate as an
exponential function of hydrogen evolution rate and inhibition
efficiencies. This is a fresh mathematical approach that
captures the synergistic effect of both anodic and cathodic
suppression.

By combining inhibition efficiency due to weight loss and
hydrogen evolution into a single predictive framework, the
model bridges two traditionally separate evaluation methods.

With a standard error of 0.0002% and correlation
coefficients above 0.94, the model achieves predictive accuracy
rarely reported in corrosion science. This precision makes it
more than a theoretical construct- it is a reliable engineering
tool.

Practical significance of derived model

The practical significance of the derived model can be seen
in industrial applications, such as in oil well acidizing, where
hydrogen evolution accelerates steel degradation. Here, the
model can forecast inhibitor performance under varying acid
concentrations. In pickling and descaling operations, the model
enables optimization of inhibitor dosage, reducing chemical
waste and cost. In pipeline protection, predictive modeling
allows proactive inhibitor selection before field deployment.

The essence of the model can also be captured in eco-friendly
engineering. By validating Bilberry cactus extract as a green
inhibitor, the model supports industries in transitioning away
from toxic synthetic inhibitors, aligning with sustainability
goals.

With a deviation below 6.3%, the model provides engineers
with a 93-99% confidence level in real-world prediction,
reducing trial-and-error experimentation.
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Materials and methods

Mild steel coupons were selected as the substrate for
corrosion inhibition studies. The chemical composition of the
steel was: 0.053 wt% C, 0.14 wt% Si, 0.2 wt% Al, 0.1 wt% Ca,
0.48 Wt% Mn, 97.48 wt% Fe, 0.057 wt% Cu, and 0.018 wt% Cr.
Before experimentation, the steel surfaces were mechanically
polished, degreased with a cleaning agent such as acetone, and
it was rinsed with distilled water to ensure a clean and uniform
surface. The corrosion inhibitor was derived from bilberry
cactus plant extract, which contains bioactive compounds
such as flavonoids, tannins, and organic acids. These organic
compounds from the plant extract chemically interact with
Fe>* ions to form a complex deposit on the surface, creating a
non-uniform protective layer, which increases the measurable
surface area, as shown in Figure 1. Inhibitor deposition was
achieved using both immersion and absorption techniques to
ensure a very good surface coverage. The corrosive medium
consisted of 1.5 M HCI, prepared by diluting analytical-
grade 37% HCl with double-distilled water. All experiments
were conducted using Pyrex beakers. The setup included a
micro drilling machine (Model H) for surface preparation, an
analytical digital balance (Mettler 4900) for precise weighing of
samples, and a calibrated pH meter to monitor solution acidity.
Deposition procedures and additional experimental protocols
followed methodologies reported in previous studies [23,24].

Model formulation

On the basis of equation 1, a computational analysis has
been carried out.

¢ e(g);,(UC/UH) @

The derived model, shown as a mathematical expression
in equation 2, predicts the corrosion rate of mild steel during
inhibition by the extract while submerged in HCl. The variables

EY,nc and 4 are the mild steel corrosion rate (gcm™ h7),
hydrogen evolution rate (ml cm™ min™), inhibition efficiency
due to weight loss or corrosion (%), and inhibition due to
hydrogen evolution (%), respectively. The equalizing constants,
b and f3, are 1.0034 and 19.036, respectively. The constants
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Figure1:SchematicofmildsteelsurfacemodificationinHClandBilberryCactusextract.

were generated using C-NIKBRAN data analytical memory
software [15]. The interaction between these constants and
variables ensures that the units on both sides of the derived
model are equal.

. he(,g)},(nC/nH) (2)

Results and discussion
Boundary and initial conditions

The corrosion behavior of mild steel exposed to hydrochloric
acid was governed by the combined influence of the acid
medium and the surface-absorbed bilberry cactus extract. The
extent of the corrosion that these influenced depended on the
HCI concentrations in the solution. In deriving the corrosion
model, specific parameter ranges were established to capture
the system’s behavior: inhibition efficiency as a result of
weight loss between (44.76 -70.83)%, inhibition efficiency
due to hydrogen evolution between (43.49 - 70.11)%, hydrogen
evolution rate ranging from 0.0086 to 0.0568 ml cm™ min™,
and observed corrosion rates spanning 0.0036-0.0086gcm-
> h. These ranges provided the experimental and analytical
basis for assessing how variations in hydrogen evolution rate
and inhibition efficiencies of bilberry cactus extract (due to
weight loss & hydrogen evolution) affected the corrosion
susceptibility or resistance of mild steel.

Based on equation 2, Table 1 has been formed, which
illustrates how corrosion rates of the mild steel vary with
hydrogen evolution rates and inhibition efficiencies of the
extract due to weight loss and hydrogen evolution. The
evaluated terms on both sides of the model are confirmed to
be consistently near-equal. The negligible differences recorded
across each dataset confirm that the two sides of the model are
essentially balanced. This outcome indicates that any variable
assessed through the model will yield highly accurate results,
with deviations remaining minimal and well within acceptable
limits.

Model validity

The validation of the derived model was carried out by
comparing the predicted results with the experimental results,
using graphical, statistical, and deviational analysis.

Graphical Analysis: Results obtained fromboth experimental
and model-predicted analyses for comparative assessment are
shown in the figures. 2-4, as well as Figure 5, are consistent
in all respects. Figure 2a shows a plot of corrosion rate against
inhibition efficiency (due to corrosion/weight loss) as obtained
from experimental and model-predicted results. Graphical
analysis of this figure shows increased inhibition efficiency (due
to corrosion/weight loss) with a decrease in corrosion rate of
the mild steel. This relationship translates into a negative slope
and a spontaneous process. The actual and predicted values
show a similar point distribution following close alignment
of the curves. The relationship between corrosion rate and
inhibition efficiency (due to H, evolution) is shown in Figure
2b. The plot is characterized by aligned curves of experimental
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Table 1: Variation of mild steel corrosion rate (in HCI acid solution) with related
experimental output parameters and Variation of ¥& with e[ﬂ)é(“"”) .

(® )% ()% v e 9 pifferential
00036 7083 7011  0.0086 1.1613  1.1687 -0.0074
0.0043 6692  67.05 0.0160 1.3871  1.3586 0.0285
0.0051 6398 6454 0.0264 1.6452  1.6783 -0.0331
0.0059 5970 = 60.31 = 0.0358 1.9032  2.0225 -0.1193
0.0086 4476 = 4349  0.0568 27742 27012 0.0730

and model-predicted results, which translates into increased
inhibition efficiency (due to H, evolution) with a decrease in
corrosion rate of the mild steel. This inverse relationship also
gives a negative slope. The actual and predicted values show
close alignment of curves and a similar distribution of points.
Figure 2c involves a graphical presentation of the mild steel
corrosion rate and H, evolution rate from both experimental
and model-predicted results. The figure shows an increased
evolution rate with an increase in the corrosion rate of the
mild steel, hence emphasizing a positive slope. The actual and
predicted values show very aligned and close point-to-point
agreement. It can be seen that the predicted value is slightly
higher and lower than the actual value, showing a small
deviation, which is acceptable as the deviation is related to
experimental or modeling errors.

Statistical analysis

For each variation in hydrogen evolution rate and inhibition
efficiencies due to corrosion and hydrogen evolution, the
overall standard error incurred in predicting corrosion rate
relative to experimental results was determined to be 0.0002%.
This corresponds to a model confidence level exceeding 99.9%.
The standard error values were also computed using Microsoft
Excel (version 2003), further confirming the precision and
reliability of the model. Correlation analyses were performed
using Microsoft Excel (version 2003), based on the coefficients
of determination (R?) presented in Figure 3(a-c). Figure 3a is
similar to Figure 2a in terms of points’ trend and distribution,
except that it basically shows the correlation between corrosion
rate and inhibition efficiency (due to corrosion/weight loss) as
0.9836 and 0.9688 for experimental data and model-predicted
results, respectively.Figure3b is also similar to Figure. 2b,
following shared characteristics in terms of data spread and
trend. It shows that the correlation between corrosion rate
and inhibition efficiency (due to hydrogen evolution) is 0.9631
and 0.9433 for experimental data and model predictions,
respectively. Furthermore, Figure 3c is very similar to Figure.
2c¢, considering similarities in the plotted data trend and
distribution. It indicates the correlation between corrosion rate
and hydrogen evolution rate as 0.9985 for experimental results
and 0.9948 for model predictions, respectively. A comparative
assessment of these values indicates that the model achieved
a slightly stronger fit with the hydrogen evolution rate. This
confirms that predicted corrosion rates are primarily dependent
on the hydrogen evolution rate [21].

The correlations were calculated using the relationship as
in Equation 3

R=+R? (3)

Figure 4presents the curves of experimental, model-
predicted, and regression results plotted against the corrosion
rate of mild steel relative to inhibition efficiency due to
corrosion, inhibition due to hydrogen evolution, and hydrogen
evolution rate. Figure 4a shows plots of corrosion rate against
inhibition efficiency (due to corrosion/weight loss) as obtained
from experimental, model-predicted results, and regression
results. The three curves show very close alignment, which
translates into close point data distribution, affirming
agreement. The relationship between inhibition efficiency (due
to corrosion/weight loss) and corrosion rate, as well as slope,
is the same for all curves as in Figure 2a. Figure 4b shows the
graphical presentation of the results of corrosion rate relative
to inhibition efficiency (due to H, evolution) as evaluated from
experimental, model-predicted, and regression models. The
closely aligned curves are characterized by similar point —to
—point results trend and spread. The figure agrees with Figure
2b, indicating that an increased inhibition efficiency (due to
H, evolution) results in a decrease in corrosion rate of the
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Figure 2: Variation of corrosion rate with inhibition efficiency as obtained from

experiment and model prediction: (a) due to corrosion, (b) due to H, evolution, and
(c) due to corrosion and H, evolution
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Figure 4: Comparison of corrosion rates (relative to inhibition due to corrosion) as
evaluated from experiment, derived model, and regression model. (a) Relative to

inhibition due to corrosion (b), relative to inhibition due to H, evolution (c), relative
to H, evolution rate.

mild steel, emphasizing also a negative slope. Figure 4c is a
plot of experimental, model-predicted, and regression results
representing (also as shown in Figure 2c) a direct relationship
between the mild steel corrosion rate and H, evolution rate. The
three curves are not only very closely aligned, but also show
similar characteristics in terms of the magnitude of point-to-
point values, trend & spread of results, and slope within the
axes.

The regression analysis was conducted to verify the
consistency of the observed trends and distributions in the
derived model predictions against the experimental results.
The close alignment of the three curves-experimental, model-
predicted, and regression-demonstrates a high degree of
agreement. This outcome confirms the admissibility and
acceptability of the derived model, reinforcing its reliability
for predicting corrosion behavior under varying inhibition
efficiencies due to corrosion & hydrogen evolution and
hydrogen evolution rate.

Table 2 highlights the negligible differences between
experimentally determined corrosion rates and those predicted
by the model. This consistency provides strong evidence that
the derived model is both functional and reliable. The table
further shows that these differentials include both positive
and negative values when compared to experimental results.
Positive values indicate instances where the model slightly
overpredicted corrosion rates, while negative values reflect
slight underpredictions. Taken together, these balanced
variations confirm that the model’s predictions remain
accurate, with deviations well within acceptable limits.

Theory Measure and Deviational Analysis: Analysis of the
corrosion rates of mild steel, obtained from both experimental
measurements and model predictions, revealed slight
deviations between the predicted values and the actual results.
The theoretical measures obtained through the electrochemical
process in the presence of a harsh environment of HCI, which

is responsible for the expedited materials degradation process
of Fe dissolution to produce Fe>* and the combined effect of
hydrogen evolution. The inhibitor impaired the corrosion rate
by enhancing the physisorption and chemisorption process,
which led to the formation of a barrier layer and hence blocked
the electrochemical reaction. This gave a carrion rate as given
in equation 4.

CR;,p = CR, (1-0) )

Where CR,, is the corrosion rate with inhibitor, CR  is
the corrosion rate without inhibitor, and 60 is the surface
coverage by inhibitor. The discrepancies between experimental
measurement and prediction are attributed to certain
assumptions and experimental conditions during field work
that were not fully incorporated into the model formulation.

To address this limitation, a correction factor is necessary
to ensure closer alignment between model-predicted values
and experimental data. Deviation (Dv) (%) of the model-
predicted corrosion rate from that of the experimental is given
by equation 5

x100 (5)

Where, & _ is the model-predicted corrosion rate, and &; is
the corrosion rate evaluated from experimental results.

Table 2: Differential between experimentally determined and model-predicted mild
steel corrosion rates in the acid.
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Figure 5: Variation of model-predicted corrosion rate with its corresponding

deviation from experimental results
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Figure 5 shows the deviation between model-predicted
corrosion rates and corresponding experimental values. The
overall maximum deviation recorded was 6.27%, corresponding
to an operational confidence level above 93.7%. The minimum
and maximum deviations observed were 0.56% and 6.27%,
respectively. These deviations were directly associated with
corrosion rates of 0.00362 and 0.00837gcm~ h, inhibition
efficiencies due to corrosion of 70.83 and 44.76 %, inhibition
efficiencies due to hydrogen evolution: 70.11 and 43.49 %,
and hydrogen evolution rates: 0.0086 and 0.0568 ml cm-
1min-1, respectively. Based on these evaluations, the overall
confidence level of the model is placed within the range of 93-
99%, confirming its reliability and predictive accuracy despite
minor deviations. Importantly, the deviation values represent
only the magnitude of the difference, while the associated sign
indicates whether the model prediction is a deficit (negative
sign) or a surplus (positive sign) relative to the experimental
result.

Conclusion

The predictive analysis of the surface-modified mild
steel corrosion rates in hydrochloric acid results in a gradual
increase in corrosion, along with hydrogen evolution, in line
with the experimental results. The empirical model, developed
from process parameter values, describes the corrosion rate as

(g)y(nC/ﬂH)

an exponential function expressed as: ¢ = e . The model

predicts corrosion rates with a maximum deviation of less than
6.3% from experimental values, corresponding to an operational
confidence level above 93.7%. Its validity is anchored in the

(B)}/(’IC/UH)

core expression: £=he , Where both sides are nearly

equal. The standard error in predicting corrosion rates was
only 0.0002%, confirming the model’s precision. Furthermore,
correlation coefficients between the predicted corrosion rate
and inhibition due to corrosion, inhibition due to hydrogen
evolution, and the hydrogen evolution rate exceeded 0.94,
underscoring the robustness and reliability of the model.

This study not only confirms Bilbery Cactus extract as an
effective green inhibitor but also introduces a novel empirical
model that integrates both corrosion and hydrogen evolution
efficiencies into a single predictive framework. The model
achieves exceptional precision (0.0002%, confidence > 93%)
and provides a practical tool for industries to optimize inhibitor
dosage, reduce chemical waste, and ensure sustainable steel
protection in processes such as acidizing, pickling, and
pipeline maintenance. Its reliability and adaptability make it a
valuable step towards wider adoption of eco-friendly corrosion
inhibitors.
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