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Abstract
This research explores the effectiveness of Daucus crinitus essential oil as a corrosion inhibitor for copper in a 0.5 M sulfuric acid solution, 
utilizing experimental design and statistical analysis. The study examines how temperature, inhibitor concentration, and immersion 
duration influence inhibition efficiency (IE) through Response Surface Methodology (RSM). GC/MS analysis identified the essential oil’s 
main components as aliphatic compounds, such as dodecyl acetate (28.5%), undecane (35.2%), and dodecanal (14%).The highest inhibition 
efficiency (85%) was obtained at an inhibitor concentration of 10.25 (v/v), a temperature of 40 °C, and an immersion period of 3 hours. 
Elevated temperatures decreased IE, indicating a physisorption-based mechanism, whereas higher concentrations and longer immersion 
times improved copper protection. Statistical evaluation confirmed the model’s reliability, with an R² of 0.991 and a Q² value above 0.95, 
reflecting strong predictive capability. These results position D. crinitus essential oil as an eco-friendly and sustainable substitute for 
traditional synthetic inhibitors, demonstrating its potential for effective corrosion control in industrial settings. The study emphasizes 
the value of plant-derived inhibitors for reducing copper corrosion in acidic environments and offers insights for enhancing corrosion 
prevention approaches. 
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Introduction 

Corrosion persists as a formidable obstacle across numerous 
industries, inflicting economic losses amounting to billions of 
dollars each year.1 Copper, esteemed for its remarkable mechanical 
strength, superior thermal and electrical conductivity, and inherent 
resistance to wear, serves as a vital material in fields like marine 
engineering, electronics, electrical connectors, and heat exchangers.2 
However, its susceptibility to acidic conditions—common in 
processes such as crude oil refining, acid pickling, industrial 
cleaning, and petrochemical operations—compromises its durability 
and functionality.3 Tackling this weakness is essential to protect 
infrastructure and curb financial setbacks.

For decades, corrosion inhibitors have played a key role in 
shielding metals from decay. Synthetic inhibitors, prized for their 
strong protective qualities, have long been the standard in industrial 
settings. Yet, their harmful effects on human health and ecosystems 
have driven a push toward sustainable option.4  Plant-based oils and 
extracts have emerged as compelling alternatives, offering effective 
corrosion resistance while posing minimal environmental and health 
risks.5-7 These natural solutions mark a promising shift in corrosion 
science, balancing performance with ecological responsibility.

Among these natural resources, Daucus crinitus, a member 
of the Apiaceae family, distinguishes itself. Renowned for its 
medicinal uses—such as treating wounds, asthma, abdominal pain, 
rheumatism, and acting as an aphrodisiac—this plant also exhibits a 
wide range of biological effects, including antioxidant, antimicrobial, 
and hypolipidemic properties.8-10  Recent studies have further 
revealed its anticorrosive potential, with hydroalcoholic extracts 
and zinc nanoparticles from D. crinitus demonstrating success in 

protecting carbon steel in acidic media like 1 M hydrochloric acid.11 
This opens the door to investigating its effectiveness on other metals, 
such as copper.

Modern corrosion research has increasingly adopted sophisticated 
tools and experimental frameworks to refine its approaches.12-13 
Corrosion research increasingly leverages Design of Experiments 
(DoE) techniques and software to optimize inhibition processes and 
predict outcomes. DoE, a statistical approach, systematically adjusts 
input variables to assess their impact on responses, enhancing 
efficiency, cutting costs, and improving quality across engineering 
and industrial applications.14-18 Response Surface Methodology 
(RSM), a multivariate optimization tool, fits experimental data to 
polynomial equations, illuminating complex variable interactions. 
This enables researchers to pinpoint optimal conditions effectively. 
For reliable predictions, the response function must precisely 
reflect dataset behaviour, ensuring robust system performance and 
advancing corrosion protection strategies. Such methods reduce 
reliance on time-consuming trial-and-error practices, enabling more 
precise and efficient studies .19-20

Building on these advancements, this study evaluates the corrosion 
inhibition potential of Daucus crinitus essential oil on copper in 0.5 
M sulfuric acid solution. Employing mass lossmeasurements and a 
structured experimental design, this study examines the impact of 
three primary variables: immersion period, inhibitor concentration, 
and temperature on inhibition efficiency. By merging natural 
inhibitors with cutting-edge analytical techniques, this research 
aims to contribute to sustainable and effective corrosion prevention 
strategies.
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MATERIALS AND METHODS

Preparation of inhibitors

The roots of D. Crinitus were harvested in May 2024 from Bourakba 
(Algeria), located at 34°56’17” N latitude,1°45’26” W longitude and 
at an altitude of 692 m. The plant material was air-dried at ambient 
temperature and then hydro-distilled for 5 hours using a Clevenger-
type apparatus, following the European Pharmacopoeia guidelines.21

Analysis conditions and identification

Chemical analysis was conducted using a PerkinElmer Autosystem 
GC (Waltham, MA, USA) equipped with dual flame ionization 
detectors (FID) and configured for simultaneous analysis on two fused 
silica capillary columns (60 m × 0.22 mm ID, 0.25 μm film thickness) 
featuring different stationary phases: Rtx-1 (polydimethylsiloxane) 
and Rtx-Wax (polyethylene glycol).

The oven temperature was programmed to start at 60 °C, increase 
at 2 °C/min to 230 °C, and maintains an isothermal hold at 230 °C 
for 30 minutes. High-purity helium was used as the carrier gas 
with a constant flow rate of 1.0 mL/min. The injector and detector 
temperatures were set to 280 °C, and samples (0.1 μL) were injected in 
split mode with a 1:80 split ratio.

For compound identification, a PerkinElmer TurboMass quadrupole 
mass spectrometer, interfaced with an Autosystem XL GC, was 
utilized under the same chromatographic conditions. Mass spectra 
were acquired via electron impact ionization at 70 eV, scanning a 
mass-to-charge range of 35–350 m/z, with the ion source temperature 
maintained at 150 °C.

Component identification was achieved by comparing their gas 
chromatography retention indices (RI) on non-polar and polar 
columns, calculated relative to the retention times of a series of 
n-alkanes using linear interpolation, with those of authentic standards 
or literature data.22-27 Additionally, identification was supported by 
computer-based matching with commercial mass spectral libraries 
and comparison with published literature data.24-28

Gravimetric corrosion tests

Specimens of commercially pure copper were subjected to sequential 
polishing using emery paper with progressively finer grit sizes (400, 
800, and 1200) until a smooth, mirror-like surface was achieved. 
Following polishing, the specimens were meticulously cleaned by 
rinsing with distilled water, followed by acetone, and subsequently 
dried using a hot air blower. A 0.5 molar sulfuric acid solution was 
prepared by carefully diluting high-purity sulfuric acid (95-97%, 
Sigma-Aldrich) with distilled water under controlled conditions.To 
prepare the inhibitor solutions, varying quantities of essential oil, 
ranging from 0.5 to 20 µL, were dissolved in the corrosive sulfuric 
acid solution.

Weight loss measurement

The copper samples were accurately weighed using an analytical 
balance with a precision of 0.1 mg. Each specimen was immersed in 
100 mL of the corrosive solution, either with or without an inhibitor, 
for durations ranging from 1 to 3 hours at temperatures between 
293 and 323 K. Following immersion, the samples were removed, 
thoroughly rinsed with distilled water, dried, and reweighed to 
determine the weight loss caused by corrosion. All experiments were 
conducted in triplicate, and the results are presented as mean values.

The inhibition efficiency (IE, %) and corrosion rates (CR) were 
determined according to established methods.29 The following 
equations were employed:

IE (%) = 100*(CR0 – CRinh)/CR0			   (1)

CR = (mi - mf) / t*S				   (2)

where mi and mf = initial and final mass (g) of the specimen, 
respectively, after immersion time (t) in the corrosive medium, S is 
the surface area of the immersed specimen(cm²), CR0 and CRinh= 
corrosion rates (g·cm-²·h-¹) in the absence and presence of the 
inhibitor, respectively.

Scanning electron microscopy (SEM)

A Hitachi TM1000 scanning electron microscope was employed 
to analyze the surface topography of the copper surfaces at 500× 
magnification (200 µm scale). To evaluate the influence of the 
inhibitors, the specimens were immersed insulfuric acid solution. 
Following 3 hours of immersion under optimized conditions, SEM 
micrographs were obtained for both the mechanically polished copper 
surface and the samples exposed to the acidic solution, with and 
without the addition of inhibitors.

Chemical composition of essential oil 

Hydro distillation of the roots of Daucus crinitus produced a yellow 
essential oil with a yield of 0,2%. GC and GC-MS analysis led to the 
identification of 18 compounds, representing 92.2% of the oil’s total 
composition (Table 1).

The chemical composition is dominated by aliphatic compounds 
(88.8%), reflecting a predominance of long-chain linear or branched 
structures with long carbon chains. A high proportion of non-
terpenic hydrocarbon compounds (36.2%), with undecane (35.2%) 
is in the majority, while dodecane, tridecane and heptadecane are 
present in trace amounts (less than 1%). Non-terpenic oxygenated 
compounds (54.7%) are also well represented, with the major 
constituents being dodecyl acetate (28.5%), dodecanal (14%), (Z)-
3-hexenyl benzoate (5.1%), decanal (2.7%) and dodecanoic acid 
(1.9%). Other oxygenated compounds, mainly acids, are present in 
trace amounts(less than 1%). On the other hand, the proportion 
of hydrocarbon sesquiterpenes (1.3%) and phenylpropanoid 
compounds (2.1%) represent the smallest fraction of the composition.

Design of experiments study

Response Surface Methodology (RSM) is a mathematical and statistical 
approach used to model and analyze processes involving multiple 
variables. It enables the evaluation of the impact of various factors 
and their interactions on one or more response variables. Response 
Surface Methodology (RSM) was implemented to statistically 
optimize key corrosion parameters. The model incorporated Partial 
Least Squares (PLS) and Multiple Linear Regression (MLR) analyses 
to quantify relationships between variables, with inhibition efficiency 
(IE) and corrosion rate (CR) expressed through the quadratic 
formulation in Equation 3:
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where, Y represents the response matrix, Xi and Xj are independent 
coded variables, a0 is the intercept, ai, aii, and aij denote the linear, 
quadratic, and interaction regression coefficients, respectively, and ε 
accounts for statistical random errors.

In this study, the experimental design and statistical analysis were 
performed using MODDE® 9.1 software. The investigation applied 
multiple linear regression to assess both individual and synergistic 
effects of three critical parameters: inhibitor concentration (X1), 
temperature (X2), and immersion duration (X3). Inhibition efficiency 
(Y) was chosen as the response variable and modelled using a second-
order polynomial equation (Equation 3). The specific settings and 
levels for each parameter are detailed in Table 2.
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RESULTS AND DISCUSSION

Response Surface Methodology (RSM) was employed to develop 
empirical models based on experimental data. In this study, the 
independent variables included working temperature, immersion 
time, and inhibitor concentration, while inhibition efficiency (IE) 
served as the response variable.

Before the Response Surface Methodology (RSM) analysis, various 
1N acidic solutions were evaluated. The corrosion inhibition efficacy 
of Daucus crinitus essential oil was most effective in sulfuric acid 
(92.18%), followed by hydrochloric acid (72.88%), and nitric acid 
(66.64%). The enhanced performance in sulfuric acid likely arises from 
the superior adsorption of sulfate ions and the oil’s active components 
onto the copper surface. Consequently, this study concentrates on 
sulfuric acid due to its optimal adsorption characteristics.

Table 3 presents the outcomes of 17 experiments designed to 
optimize the corrosion inhibition efficiency (IE) of Daucus crinitus 
essential oil on copper in a 0.5 M H2SO4 solution. The study used 
Response Surface Methodology (RSM) with nonlinear regression 
to analyze three factors: inhibitor concentration (v/v), temperature 
(°C), and immersion time (hours). The observed IE values, ranging 
from 31.59% to 85.23%, reflect how these variables influence the oil’s 
protective performance. The highest IE (85.23 %) was achieved at a 
concentration of 10.25 (v/v), a temperature of 40 °C, and an immersion 
time of 3 hours (Exp. No. 14). This optimal condition suggests a balance 
where the inhibitor effectively coats the copper surface without being 
disrupted by excessive heat or insufficient exposure time. Other high 
IE values (e.g., 85.09%, 84.85%) at similar conditions (10.25 v/v, 

40 °C, 2–3 hours) reinforce this as a robust peak performance zone. 
Conversely, the lowest IE (31.59%) occurred at 0.5 (v/v), 60 °C, and 
1 hour (Exp. No. 3), indicating that low concentration and high 
temperature severely limit protection.

Response Surface Methodology (RSM) played a crucial role in 
identifying the optimal conditions for maximizing the corrosion 
inhibition efficiency (IE) of Daucus crinitus essential oil on copper. The 
relationship between the three key factors—inhibitor concentration, 
temperature, and immersion time—and their impact on IE is captured 
in a second-order polynomial equation, which is visually represented 
in (Figure 1). This figure presents histograms that illustrate the effects 
of the equation’s coefficients on inhibition efficiency, providing a 
clear depiction of each factor’s influence. The polynomial equation 
(Equation 4) is given as:
IE %� � � � � � � �82 4669 5 657 10 351 1 35401 21 1746
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Table 1: Chemical composition of Daucus crinitus root essential oil identified by GC-MS analysis.
a Compounds lRIab RIac RIpd Roote

1 Undecane 1100 1098 1101 35.2

2 Decanal 1188 1187 1483 2.7

3 Dodecane 1200 1198 1209 0.3

4 Tridecane 1300 1292 1305 0.5

5 Dodecanal 1389 1390 1695 14

6 Zizaene 1456 1463 1860 1.2

7 Dodecanol 1472 1470 1754 0.2

8 (Z)-3-hexenyl Benzoate 1545 1557 2059 5.1

9 DodecanoicAcid 1554 1560 2474 1.9

10 Dodecyleacetate 1585 1580 1882 28.5

11 Isochavicol  2-methyle Butyrate 1651 1648 2255 0.2

12 Heptadecane 1700 1703 1699 0.2

13 Benzyl benzoate 1730 1723 2121 0.1

14 tetradecanoicAcid 1761 1756 2649 0.4

15 Lactarazulene 1796 1792 2430 0.1

16 Hexadecanale 1782 1787 2108 0.3

17 Dodecylepentanoate 1843 1840 2834 0.5

18 hexadecanoiqueAcid 1951 1949 2916 0.5

  Total       92.2

  Hydrocarboncompounds 37.5

  oxygenatedcompounds       54.7

  aliphaticcompounds       88.8

  phenylpropanoidcompounds     2.1

  non-terpenichydrocarboncompounds     36.2

  hydrocarbonsesquiterpenes 1.3

  Non-terpenicoxygenatedcompounds     54.7
aElution order on apolar column (Rtx-1), bLiterature Retention indices for apolar column (lRIa), cExperimental retention indices for apolar column (Rtx-1; RIa), 

dExperimental retention indices for polar column (Rtx-Wax; RIp),eRelative percentage composition (determined from apolar column).

Table 2: Levels of experimental parameters selected for response surface 
methodology.

Variables Levels

− 1 0 + 1

X1Inhibitor concentration (v/v) 0.5 10.25 20

X2 Temperature (°C) 20 40 60

X3 Immersionduration (h) 1 2 3
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where x1 represents inhibitor concentration, x2 denotes temperature, 
and x3 stands for immersion time, all expressed in coded units.

The coefficients in this equation, as highlighted in (Figure 1), 
reveal how each variable shapes the outcome. Concentration, 
with a positive coefficient of 5.657, significantly boosts inhibition 
efficiency by increasing the availability of inhibitor molecules to 
coat the copper surface, while immersion time, with a coefficient 
of 1.35401, also contributes positively, though to a lesser extent, by 
allowing the protective layer to stabilize over time. In stark contrast, 
temperature, marked by a substantial negative coefficient of -10.351, 
reduces efficiency, suggesting that higher heat disrupts the inhibitor’s 
adsorption, likely through a physisorption mechanism where 
molecules detach more easily from the surface.The quadratic terms 
in the equation, also visualized in (Figure 1), provide deeper insight. 
The large negative coefficients for concentration (-21.1746x1²) and 
temperature (-11.7546x2²) indicate that inhibition efficiency reaches 
a peak beyond which it declines too much inhibitor may saturate 
the copper surface, limiting further protection, and excessive heat 
destabilizes the adsorbed film. Conversely, the positive quadratic term 

for immersion time (3.51042x3²) suggests a modest enhancement as 
exposure duration increases, pointing to a gradual reinforcement 
of the inhibitor’s effect. Interactions between the variables, likewise 
illustrated in the figure, add complexity to the model. The negative 
interaction terms between concentration and temperature (-1.79x1x2) 
and between concentration and immersion time (-3.125x1x3) imply 
that combining high values of these pairs can counteract the protective 
benefits, possibly due to competing surface dynamics. However, 
the positive interaction between temperature and immersion time 
(3.8325x2x3) indicates a slight improvement in efficiency when both 
rise together, perhaps because prolonged exposure offsets some 
thermal disruption.

Statistical tests and models analysis 

Statistical evaluation of the model was performed using analysis of 
variance (ANOVA), with results presented in (Table 4). The model’s 
robustness and predictive power are illustrated in the fit summary 
graph (Figure 2), which includes key metrics such as validity, 

Table 3: Experimental design of independent variables and calculated inhibition efficiency values.

Exp No Run Order Factors Response (%)

Concentration Temperature Time IE Observed

1 13 0.5 20 1 55.15

2 17 20 20 1 76.39

3 2 0.5 60 1 31.59

4 15 20 60 1 44.78

5 12 0.5 20 3 57.13

6 3 20 20 3 64.98

7 6 0.5 60 3 48.01

8 16 20 60 3 49.59

9 11 0.5 40 2 53.32

10 9 20 40 2 66.03

11 14 10.25 20 2 81.01

12 8 10.25 60 2 57.18

13 5 10.25 40 1 83.49

14 1 10.25 40 3 85.23

15 4 10.25 40 2 83.96

16 7 10.25 40 2 84.85

17 10 10.25 40 2 85.09

Figure 1: Histogram analysis of coefficient effects on inhibition efficiency (IE) of Daucus crinitus essential oil
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reproducibility, R², and Q² values. As reported in (Table 4), the 
coefficient of determination (R² = 0.991) indicates a strong relationship 
between the predicted and experimental inhibition efficiencies of the 
inhibitor. The Q² value, a measure of the model’s predictive ability, 
is essential for evaluating its capacity to forecast future outcomes.30 
Typically, a Q² value above 0.1 signifies a statistically significant 
model, while values exceeding 0.5 denote a robust model, and those 
surpassing 0.9 are deemed exceptional. 31 In this study, the Q² value 
of 0.95876 (Table 4) highlights the model’s outstanding predictive 
accuracy. Moreover, the small gap between R² and Q²—well below the 
acceptable threshold of 0.3further substantiates the model’s reliability. 
Both the R² and adjusted R² (R²Adj = 0.980545) values affirm the 
model’s high statistical significance, reflecting excellent agreement 
between observed and predicted inhibition efficiencies of Daucus 
essential oil. The analysis was conducted at a 95% confidence level.

Additionally, the reproducibility metric, approaching 0.998724, 
demonstrates near-perfect consistency across experimental 
replicates. (Figure 3) presents a linear plot, reinforcing the model’s 
appropriateness by illustrating the close alignment between predicted 
and observed inhibition efficiencies of Daucus essential oil in the 
corrosion inhibition process.

Main effects

The influence of each parameter on corrosion inhibition efficiency 
(IE%) is depicted in (Figure 4). Each data point reflects the mean 
IE% at a specific parameter level, calculated independently of 
the other variables. A reference line representing the overall 
average IE% is included in each panel to underscore the distinct 
effects of inhibitor concentration, temperature, and immersion 

Table 4: Coefficients, interaction effects, and statistical probabilities of polynomial terms for experimental response variables.

R² R²Adj Q2 RSD Model Validity Reproducibility Conf. Lev

0.991488 0.980545 0.95876 2.39098 0.23015 0.998724 0.95

Figure 2: Model evaluation plot displaying fit (R²), predictive accuracy (Q²), validity, and reproducibility
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time on the protective performance of Daucus crinitus essential 
oil. Risinginhibitor concentration markedly enhanced corrosion 
inhibition efficiency. The most pronounced effect was observed at 
10.25 (v/v), where IE% peaked, demonstrating optimal protection of 
the copper surface. However, beyond this threshold, a subtle decline 
in efficacy emerged at excessively high concentrations. This trend 
may stem from saturation of adsorption sites on the metal, limiting 
further attachment of inhibitor molecules, or from intermolecular 
competition that disrupts the uniformity of the protective layer.32 

In contrast, elevating temperature exerted a pronounced negative 
effect on inhibition efficiency. This decline points to a physisorption-
dominated mechanism, characterized by weak, reversible adsorption 
of inhibitor molecules onto the copper surface.33 

At higher temperatures, such as 60 °C, IE% plummeted to 31.59% 
with a minimal inhibitor concentration of 0.5 (v/v). The reduced 
performance likely arises from heightened molecular kinetic energy, 
which destabilizes the adsorbed inhibitor film and accelerates copper 
dissolution by weakening surface interactions.

The impact of immersion time on IE% was comparatively subdued 
yet nuanced. Efficiency remained largely consistent across durations, 
with a modest uptick observed as immersion extended. This gradual 
improvement suggests a slow reinforcement of the inhibitor film over 
time, possibly due to increased surface coverage or stabilization of 
the protective layer.34 Nonetheless, this effect was less significant than 
those of concentration and temperature, indicating a secondary role in 
the inhibition process.

The optimal condition for corrosion protection was achieved with 
an inhibitor concentration of 10.25 (v/v), a temperature of 40 °C, and 
an immersion duration of 3 hours, yielding an IE% exceeding 85%. 
This combination reflects a balance where adsorption is maximized 
without thermal disruption. Conversely, the lowest efficiency (31.59%) 
occurred at 0.5 (v/v) inhibitor concentration, 60 °C, and 1 hour of 
immersion, highlighting the detrimental synergy of low inhibitor 
presence and elevated temperature.

Contour plot

This section aims to pinpoint the optimal conditions for inhibition 
efficiency (IE), a metric that evaluates how well Daucus crinitus essential 
oil inhibits a reaction, presumably corrosion, on a metal surface. To 
examine the effects of temperature and inhibitor concentration on IE 
across varying exposure durations, the investigators employed surface 
and contour plots, as depicted in (Figure 5 and 6). The results indicate 
that IE improves at lower temperatures (20–30 °C) for a fixed inhibitor 
level. This trend is likely due to the detachment of inhibitor molecules 
from the metal surface at elevated temperatures, suggesting a physical 
rather than chemical bonding mechanism.35

Analysis of (Figure 5) reveals a nuanced relationship: IE rises as 
inhibitor concentration shifts from low to intermediate levels, yet this 
advantage diminishes with increasing temperature. The highest IE 
is achieved at cooler temperatures (20–30 °C), extended immersion 
periods (2–3 hours), and a moderate concentration of Daucus crinitus 
essential oil, rather than the maximum. This implies that excessive 
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Figure 4: Main effects plot showing the influence of inhibitor concentration, temperature, and immersion duration on inhibition efficiency.

Figure 5: Response surface model for corrosion inhibition efficiency (IE) of 
Daucus extract.

Figure 6: Corrosion inhibition efficiency of Daucus extract: a contour analysis 
of concentration and temperature.
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inhibitor amounts may not always enhance performance, potentially 
due to saturation or other constraints.

Scanning electron microscopy 

To assess the corrosion inhibition performance, scanning electron 
microscopy (SEM) was employed to analyse copper surfaces before 
and after 3 hours of immersion in 0.5 M H2SO4 at 30 °C. The evaluation 
was carried out under three different conditions: the first (1) without 
inhibitor, (2) with 0.5 µL of inhibitor per 100 mL of solution, and (3) 
with 10.25 µL of inhibitor per 100 mL of solution.

In the absence of the inhibitor (Figure 7b), the copper surface 
exhibited severe deterioration, characterized by deep pits and 
widespread surface damage, indicative of intense corrosive attack. In 
contrast, the unexposed copper surface (Figure 7a) appeared smooth, 
with only minor abrasions resulting from mechanical polishing.

At the lower inhibitor dosage (0.5 µL/100 mL, Figure 7c), the 
surface showed a marked reduction in corrosion features, with fewer 
pits and cracks. At the highest concentration tested (10.25 µL/100 mL, 
Figure 7d), the surface remained largely undamaged, suggesting 
the development of a uniform and adherent protective film.36 These 
surface morphology results are in strong agreement with the weight 
loss analysis, further validating the inhibitor’s ability to effectively 
suppress acid-induced corrosion.

CONCLUSION

This investigation underscores the remarkable potential of Daucus 
crinitus essential oil as an efficient and environmentally benign 
corrosion inhibitor for copper in acidic media. By employing Response 
Surface Methodology (RSM), we systematically evaluated the influence 
of critical parameters—namely inhibitor concentration, temperature, 
and immersion time—on inhibition efficiency. The optimal conditions, 
yielding a peak efficiency of 85%, were identified as an inhibitor 
concentration of 10.25 (v/v), an immersion duration of 3 hrs, and a 
temperature of 40 °C. The findings reveal that higher concentrations 
bolster efficiency by establishing a robust protective barrier, whereas 
increased temperatures diminish performance due to desorption 
phenomena. SEM analysis further confirmed these results, showing 
significant surface preservation at high inhibitor concentrations 
and extensive corrosion in uninhibited conditions. The formation 
of a uniform and adherent film supports the proposed inhibition 
mechanism. Statistical analysis reinforced the reliability of these results, 
with an R² value of 0.991 affirming the model’s exceptional predictive 
precision. Collectively, these insights position Daucus crinitus essential 
oil as a viable, green substitute for conventional synthetic inhibitors, 
offering substantial promise for industrial applications under 
controlled conditions. This work not only advances the case for plant-
based solutions in corrosion management but also paves the way for 
future innovations in sustainable material protection strategies.
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