
Forsal Issam et al. / Portugaliae Electrochimica Acta 44 (2026) 153-167 

153 

Utilization of Experimental Design as an Approach to Optimize 

Inhibition Efficiency of a Pyridazine Derivative Against  

Mild Steel Corrosion in 1 M Hydrochloric Acid 
 

Forsal Issam1*, Mernari Bouchaib1, Lahmady Sara 1,  
Elkhotfi Yassine1 and Benbouya Khalid2 

 
1Laboratory of Engineering and Applied Technologies, High School of Technology,  

Sultan Moulay Slimane University, Beni Mellal, Morocco 
2EMDD_CERNE2D, High School of Technology,  
Mohammed V University, Rabat, Sale, Morocco 

*Corresponding author: forsalissam@yahoo.fr 
 

Received 19/03/2024; accepted 17/09/2024 
https://doi.org/10.4152/pea.2026440301 

 

  
Abstract 
The aim of this manuscript was to optimize the IE(%) of a pyridazine derivative (MDP) for 
hindering MS corrosion in a 1 M HCl solution. To identify the most influential parameters 
affecting CI, a study was conducted using a Doehlert matrix and Nemrod software. Based 
on preliminary knowledge, three parameters (Ct from MDP, IT and T) were selected. IE(%) 
was evaluated by analyzing PDP intensity-potential curves and interpreting the obtained 
results. The novelty of this research stems from the methodical application of DoE 
methodology to optimize CI, which offers notable advantages such as reduced test 
requirements, and the ability to discern interactions between factors. The findings revealed 
a remarkable IE(%) of 96%, under optimal conditions: Ct from MDP of 0.3 x 10-3 mol/L, 
IT of 12 h and T of 303.15 K.  
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Introduction 
DoE plays a crucial role in industrial research and development studies across 
various fields, such as petrochemical, pharmaceutical, metallurgical and chemical 
industries [1-7]. This method is a general approach to improve quality, reduce the 
number of trials, detect interactions between factors, model the studied response and 
achieve optimal precision of results. As environmental concerns continue to grow, 
steel’s ecological properties are becoming increasingly valued, since its magnetic 
properties enable it to be recovered from waste and separated from other materials. 
Thus, it is a highly recyclable material [8-10].  
                                                           
The abbreviations list is in page 163. 
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Recycling steel does not change its properties, and contributes to significantly 
reduce the amount of household waste, while preserving the natural resources of 
iron ore [11-13]. In today’s world, where the environment is highly valued, steel’s 
ecological properties are much appreciated. 
Steel also offers many advantages for the construction industry [14]. It is an 
extremely hard material, yet flexible, and it can undergo significant deformation 
before breaking. It can withstand heavy weights and it is shock-resistant. When 
treated by galvanization, steel becomes an anti-corrosive material that requires little 
maintenance, and is non-combustible, reducing fire hazards. Its resistance to 
earthquakes is also notable. 
CI are among the most commonly used methods to prevent steel oxidation in an 
acidic medium, particularly in pickling baths. Organic compounds rich in rings and 
heteroatoms are excellent CI [15-19]. 
Herein, a Doehlert matrix was employed for systematically organizing experimental 
trials to optimize processes, identify the most influential factors and minimize the 
number of necessary trials. Nemrod software was used for the variance calculation 
and contour plot creation. 
 
Materials and methods 
CI 
In this study, a pyridazine derivative known as MDP (Fig. 1) was employed as CI. 
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Figure 1: Molecular structure of MDP. 

 

MDP was achieved through the following synthesis route (Scheme 1): 
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Scheme 1: MDP synthesis route. 

 

Electrolytes 
A HCl solution, graded at 37% Ct, with a density of 1.19, from Riedel Haen, was 
diluted with distilled water, to prepare 1 M of the corrosive solution. The normality 
was regulated through acid-base titration. 
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Specimens 
The chemical composition of the MS herein used is presented in Table 1. 
 

Table 1: Chemical composition of MS. 
Element Fe C Si M Cr Mo Ni Al Cu Co V W 

% 98.7 0.11 0.24 0.47 0.12 0.02 0.1 0.03 0.14 <0.0012 <0.003 0.06 

 

MS samples, measuring 1 × 5 × 0.06 cm, were physically polished using an abrasive 
paper to ensure a uniform surface before each experiment. Acetone was employed to 
degrease the samples and remove any contaminants. 
 
I-E polarization curves 
PDP curves were drawn using a PGZ 100 potentiostat, employing an 
electrochemical cell with a MS sample (1 cm2), a Pt plate and saturated calomel as 
working, auxiliary and reference electrodes, respectively. 
PDP studies were conducted with a scanning speed of 1 mV/s-1, within the potential 
range from -750 to -100 mV, relative to Ecorr [20-22]. IE(%) from MDP is defined 
by eq. (1) [23, 24]: 
 

 I𝐸% =
ூ೎೚ೝೝିூ೎೚ೝೝ

೔೙ℎ

ூ೎೚ೝೝ
× 100  (1) 

 
where Icorr and inh

corrI  represent values determined by Tafel straight lines extrapolation 
in a 1 M HCl medium, without and with MDP, respectively. 
 
Results and discussion 
Model used 
Using a second-degree model, four variables were herein examined, and ten 
coefficients were calculated. To estimate Y response variable in this model, a 
second-degree polynomial was employed [25, 26]. 
 

Y = b0 + b1 X1 + b2 X2 + b3 X3 + b11 X1
2 + b22 X2

2  
+ b33 X3

2+ b12 X1X2 + b13 X1X3 + b23 X2X3  (2) 
 
Terms belonging to 4 families were estimated: constant term (b0); first degree term 
(bi); square term (bii); and rectangle term (bij).  
To calculate the model’s coefficients, the following matrix system had to be solved: 
 
 Y = X B  (3) 
 
where Y, X and B are the responses, the model’s and the coefficients matrixes, 
respectively. The resolution of this system by the method of least squares was 
obtained by the following formula: 
 

B = (tX X)-1 tX Y (4) 
 
where tX is the transposed matrix of X. 
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Uniform Doehlert networks 
Estimation of the coefficients for the quadratic model was performed using an 
experimental plan based on uniform Doehlert networks. This matrix, generated from 
a simplex, provided a uniform distribution of tests across the entire experimental 
domain, and allowed assigning different levels to independent variables, based on 
their importance (Table 2). 
 

Table 2: Matrix of experiments. 
Experiment number X1 X2 X3 

1 1.0000 0.0000 0.0000 
2 -1.0000 0.0000 0.0000 
3 0.5000 0.8660 0.0000 
4 -0.5000 -0.8660 0.0000 
5 0.5000 -0.8660 0.0000 
6 -0.5000 0.8660 0.0000 
7 0.5000 0.2887 0.8165 
8 -0.5000 -0.2887 -0.8165 
9 0.5000 -0.2887 -0.8165 
10 0.0000 0.5774 -0.8165 
11 -0.5000 0.2887 0.8165 
12 0.0000 -0.5774 0.8165 
13 0.0000 0.0000 0.0000 
14 0.0000 0.0000 0.0000 
15 0.0000 0.0000 0.0000 
16 0.0000 0.0000 0.0000 

 

The results of this study were obtained by 16 experiments conducted with 4 tests 
repetitions in the domain centre, to account for experimental errors [27, 28]. DoE were 
allowed to predict the responses of each experiment, which could be visualized in the 
form of contour plots using Nemrod software [6].  
By setting a parameter, typically at the domain centre, the evolution of each 
response can be tracked. The use of contour plot allows for easy data interpretation, 
as they provide a clear visualization of the relationship between experimental 
variables and responses [29]. By analysing the curves, researchers can determine 
which variables have the greatest impact on the responses, and identify optimal 
conditions for achieving desired outcomes. Additionally, the inclusion of four 
repetitions in the domain centre helps to reduce experimental errors and improves 
the accuracy of results. 
 
Experimental domain 
The results of the study showed that CI from MS in HCl can indeed be influenced 
by the Ct of CI, T and IT of samples. The experiments were conducted by varying 
these three factors and observing resulting IE(%). Findings indicated that higher Ct 
of CI generally led to higher IE(%), while increasing T had a negative effect on it 
[30, 31]. IT effect on IE(%) was found to be less significant than that from other two 
factors, but still had an impact on it [30]. 
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These findings are important, since they provide insight into the optimal conditions 
for CI of MS in an acidic medium, which can have practical implications in 
industries that use acidic solutions. The results suggest that careful control of the Ct 
of CI and T is critical for achieving high IE(%), while IT can be adjusted within a 
reasonable range, without a significant impact. By understanding the influence of 
these factors, researchers and practitioners can design more effective inhibition 
strategies and optimize the use of CIs in acid solutions. The findings allowed to 
establish the experimental domain (Table 3). 
 

Table 3: Experimental domain of interest. 
 

 
 
 

 

Responses studied 
The response variable for the CI is IE(%), which was obtained from I-E curves. This 
was the aim of another study by [7], who have researched MDP’s mechanism and 
mode of action for corrosion resistance [7]. 
 
IE(%) study 
The experimental plan was obtained by directly applying the model herein used. 
Measured responses for IE(%) (Y) are presented in Table 4. 
 

Table 4: Experimentation plan corresponding to Doehlert matrix. 
Experiment 

no. 
Ct  

(mol/L x10-3)  
T  

(K) 
IT  
(h) IE(%)  

1 0.3000 318.1500 6.2500 91 
2 0.0100 318.1500 6.2500 74 
3 0.2275 331.1400 6.2500 90 
4 0.0825 305.1600 6.2500 87 
5 0.2275 305.1600 6.2500 94 
6 0.0825 331.1400 6.2500 70 
7 0.2275 322.4805 10.9449 87 
8 0.0825 313.8195 1.5551 82 
9 0.2275 313.8195 1.5551 85 

10 0.1550 326.8110 1.5551 83 
11 0.0825 322.4805 10.9449 81 
12 0.1550 309.4890 10.9449 89 
13 0.1550 318.1500 6.2500 83 
14 0.1550 318.1500 6.2500 82 
15 0.1550 318.1500 6.2500 85 
16 0.1550 318.1500 6.2500 84 

 

Calculation of coefficients using coded variables 
Coefficients calculation used coded variables with Nemrod software, of which results 
are shown in Table 5. It is worth noting that the number of conducted tests was 
significantly greater than the number of coefficients to be calculated. Specifically, the 

 Factor Unit Center Step variation 
U1 Ct from CI mol/L (x 10-3) 0.155 0.145 
U2 T K 318.15 288.15 
U3 IT h 6.25 5.75 
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model contained 10 coefficients, while the experimental plan involved 16 tests. This 
means that the number of DoF was equal to the difference between the number of 
tests and coefficients, which was 16 - 10 = 6. This information about the DoF is 
important, as it helps to determine the statistical significance of the results. In this 
case, with six DoF, the statistical analysis could be performed using an appropriate 
distribution (such as the t-distribution), to determine whether the coefficients were 
significantly different from zero. 
 

Table 5: Estimation of the coefficients of the postulated quadratic model. 
Name Coefficient F. inflation Ecart-type T. exp. Signif. % 
b0 83.500 - 0.645 129.36 ***  
b1 8.750 1.00 0.645 13.56 ***  
b2 -5.340 1.00 0.645 -8.27 ** 
b3 1.429 1.00 0.645 2.21 11.3% 
b11 -1.000 1.13 1.118 -0.89 43.9% 
b22 2.667 1.13 1.118 2.39 9.6% 
b33 1.083 1.11 1.054 1.03 38.1% 
b12 7.506 1.11 1.491 5.03 *  
b13 -0.817 1.11 1.667 -0.49 65.7% 
b23 -1.885 1.11 1.667 -1.13 34.1% 

 

The applied model is a multiple linear regression model, of which equation is as 
follows: 
 

Y = 83.5 + 8.75 X1 – 5.34X2 + 1.43X3 -X1
2 +2.67X2

2 +  
1.03X3

2 + 7.51X1X2 - 0.82X1X3 -1.88X2X3  (5) 
 
In this model, Y represents the dependent variable (responses for IE(%)); X1, X2 and 
X3 are independent variables; and X1

2, X2
2 and X3

2 represent the squared terms of 
the respective independent variables. The other terms in the model are interaction 
terms among independent variables. The coefficients associated with each variable 
and term in the model represent their impact on the dependent Y variable. 
Sd of the response is a measure of experimental errors, and it indicates the 
uncertainty of each test. Directly estimating Sd allows for a better understanding of 
data precision and results reliability.  
Sd of each coefficient can also be calculated to determine whether it is statistically 
different from 0. This is performed by dividing the coefficient by its Sd, and 
comparing the result to the values of a Student's t distribution. The fourth column in 
the output shows the coefficient Sd, and the next column shows t criterion. The 
software used in the analysis provided the probability associated with the Student's t 
value for a given number of DoF, which represents the risk α of being wrong by 
rejecting the hypothesis that the coefficient is zero. 
Herein, it was decided to consider a coefficient significant if the associated 
probability was less than or equal to 0.05 or 5% [32, 33]. This means that a 5% risk 
of being wrong was accepted, by rejecting the hypothesis that the coefficient was 
zero. The significant coefficients in this study were b1, b2 and b12, which have 
associated probabilities greater than or equal to 0.05.  
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Doehlert experimental design has been used by [34] to assess 3-
((dicyclohexylamino)methyl)-5-(4-((3,4-dimethoxybenzylidene)amino)phenyl)-1,3,4-
oxadiazole-2(3H)-thione efficiency as CI against MS corrosion in a 1 M HCl 
solution. Electrochemical measurements revealed an enhancement in IE(%) with 
higher Ct from CI. Specifically, combined influences of Ct from CI and T exhibited 
the most significant effect [34].  
In another study employing a similar approach to optimize the effectiveness of a CI 
made of 1-propanol against MS corrosion in a 1 M acidic environment, Doehlert 
experimental design was also utilized. It was seen that both the Ct of the CI and T 
had a very significant effect on the inhibitor effectiveness [35]. 
Thus, statistical analysis of experimental data involves calculating Sd values for the 
responses and each coefficient, to determine the precision and reliability of the 
results. The significance of each coefficient was determined by comparing its value 
to the values of a Student's t distribution, and calculating the associated probability. 
The initial model was ultimately simplified to a model such as: 
 

Y = 83.5 + 8.75X1 – 5.34X2 + 1.43X3 + 7.51X1X2  (6) 
 
Regression variance analysis was used to interpret the results of a calculation 
program. The effect of the regression model was compared to the residual effect, 
and it was used to assess the model significance. 
The calculation principle involves decomposing SCE of the differences into two 
components: SCE due to the model and residual SCE [36, 37]. The variances 
corresponding to these two sources of variation were then calculated and compared 
by a Fischer test. If the variance due to the regression is greater than the residual 
variance, it can be concluded that the model is significant [38]. 
In other words, regression variance analysis provides a way to assess the overall fit of 
the regression model by comparing the variation explained by the model with the 
variation not explained by the model (residual variation). If the variance explained by 
the model is significantly greater than the residual variance, it indicates that the model 
is significant and it has a good fit to the data. On the other hand, if the residual 
variance is significantly greater than the variance explained by the model, it suggests 
that the model is not a good fit, and may need to be revised or discarded. 
Overall, regression variance analysis provides a useful tool for interpreting the results 
of a regression analysis and assessing the model significance. By comparing the 
variance due to the regression with the residual variance, one can determine the 
overall fit of the model, and make informed decisions about its use and application. 
 
Analysis of variance 
Table 6 gives the results of this analysis for the obtained measurements. The value 
of Fischer ratio corresponds to variables DoF 9 and 10. The probability associated 
with this value is less than 0.001. 
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Therefore, it can be concluded that the chosen model provides a very statistically 
significant explanation for the variations in the risk response of 5%. 
 

Table 6: Variance analysis table. 
Source of 
variation 

SCE 
Degrees 
of liberty 

Medium 
square 

Report Signif 

Regression  492.4348 9 54.7150 32.8290 ** 
Residues 52.0027 6 8.6671   
Validity 47.0027 3 15.6676  9.4005 * 
Error 5.0000 3 1.6667   
Total 544.4375 15    

 

One important aspect of the analysis is using the coefficient of determination to 
evaluate the performance of the chosen second-degree model. This measure gave the 
percentage of the total variance in the dependent variable Y, which is explained by 
the model. In this case, the coefficient of determination was found to be 0.92, 
indicating that the chosen model explained 92% of the variance in Y, which is 
considered to be a satisfactory result [40, 41]. 
The estimation of the coefficients for the different models is shown in Table 5.  
However, it is not enough to know the estimated coefficients for determine if they 
have a significant influence on the phenomenon under observation. To achieve this, 
the analysis used a Student t test to determine if the estimated coefficients, denoted 
as bi, are significantly different from zero [39]. If a coefficient is significantly 
different from zero, it has a significant influence on the phenomenon being 
observed, and if not, it can be considered insignificant.  
 
Optimal research and interpretation 
The theoretical model finally preserved is: 
 
 Y = 83.5 + 8.75X1 – 5.34X2 + 1.43X3 + 7.51X1X2 (7) 
 
The model applied was validated, and the expected response can be calculated at 
any point within the experimental area of interest. This information can be 
visualized by plotting the calculated response values as points on a graph, and 
connecting them to form contour plots. These curves can be easily represented in a 
two- or three-dimensional space [42].  
However, the analysis is limited to those coefficients that have an effect on IE(%): 
Ct, IT and T (Figs. 2-4). This variance may be seen in the contour plots, which show 
IE(%) as a function of Ct from CI and IT. Furthermore, the observed decrease in 
IE(%) with higher T suggests that the latter may have a negative effect on the 
former. This information could be useful for developing strategies to optimize the 
use of CI, e.g., by operating at lower T to achieve higher IE(%). Overall, the results 
highlight the importance of carefully controlling both the Ct from CI and T to 
achieve optimal IE(%). 
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(a)  (b) 

Figure 2: Efficiency of the plan for (a) variables (Ct and T) and (b) fixed factor (IT of 6.25 h). 
 

 
(a)  (b) 

Figure 3: Efficiency of the plan for (a) variables (Ct and IT) and (b) fixed factor (T of 318.15 K). 
 

This information can be useful for developing strategies to optimize the use of the 
CI. For example, if one desires to achieve a high IE(%), it may be beneficial to 
increase the IT, while keeping the Ct from CI and T constant. This can lead to a 
higher IE(%) and better control over the system being inhibited. 

Temperature 

Temperature 

Response 
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(a)  (b) 

Figure 4: Efficiency of the plan for (a) variables (T and IT) and (b) fixed factor (Ct of 
0.1550x10-3 mol/L).  

 

Overall, the results suggest that carefully controlling the IT be an important factor 
for achieving optimal IE(%). They also highlight the need to consider the effects of 
other variables, such as Ct from CI and T, for developing effective inhibition 
strategies. 
The results show that there was a variation in IE(%), when T and IT were changed, at a 
constant Ct from CI of 0.1550 x 10-3 mol/L. It was seen that IE(%) decreased with 
higher T, indicating that the latter negatively affected IE(%). On the other hand, IE(%) 
increased with higher IT, which shows a positive correlation between the two. These 
findings can be useful for developing optimal CI. For example, if high IE(%) is desired, 
it may be beneficial to increase IT while keeping T constant. However, if T cannot be 
controlled, a higher Ct of CI may be required to maintain a desired level of IE(%). 
Overall, the results highlight the importance of carefully controlling both T and IT to 
achieve optimal IE(%) when using a fixed Ct of the CI. These findings can inform 
the development of effective strategies for the use of CI in various industrial 
applications. 
 
Conclusion 
The conducted experiment demonstrated the exceptional effectiveness of MDP as CI 
in a 1 M HCl solution. The experiment’s methodology was meticulously developed to 
minimize the number of required tests, thereby saving both time and resources. The 
mathematical model derived from the experiment showed a high level of accuracy, 
enabling reliable forecasts of corrosion rates within the experimental domain. 
Analysis of the obtained data led to the identification of optimal inhibition conditions, 
characterized by an IT of 12 h, Ct from MDP of 0.3 x 10-3 mol/L and T of 303.15 K. 
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Through the employed methodology, the best operating conditions for achieving a 
maximum IE(%) of 96% were determined. Consequently, MDP demonstrates 
immense potential for practical applications in corrosion prevention within acidic 
environments. 
 
Authors’ contributions  
Forsal Issam: conceived and designed the analysis; collected the data; inserted data; 
wrote the original draft; project administration. Mernari Bouchaib: contributed to 
conceptual; performed the analysis; contributed to the interpretation of the results. 
Lahmady Sara: literature review and editing; collected the data. Elkhotfi Yassine: 
conceived and designed the analysis; edited and formatted the paper. Benbouya 
Khalid: contributed to the interpretation of the results; resources and validation. 
 
Abbreviations 
CI: corrosion inhibitor 
Ct: concentration 
DoE: design of experiments 
DoF: degrees of freedom 
Ecorr: corrosion potential 
HCl: hydrochloric acid 
Icorr: corrosion current density 
IE(%): inhibition efficiency 
IT: immersion time 
MDP: 6-methyl-4,5-dihydropyridazin-3(2H) 
MS: mild steel 
PDP: potentiodynamic polarization 
SCE: sum of the squares 
Sd: standard deviation 
T: temperature 
 
References 
1. Muthukumar VP, Gopalakrishnan B, Bharathiraja B. Experimental Design 

Approach for Petrochemical Waste Water Treatment Using Solar Assisted 
Photo Fenton Process. J Ind Chem Soc. 2022;(99)8:100622. 
https://doi.org/10.1016/j.jics.2022.100622 

2. Politis N, Colombo S, Colombo P et al. Design of Experiments (DoE) in 
Pharmaceutical Development. Drug Dev Ind Pharm. 2017;(43)6:889-901. 
https://doi.org/10.1080/03639045.2017.1291672  

3. Sakuhuni G, Emre Altun N, Klein B. Modelling of continuous centrifugal 
gravity concentrators using a hybrid optimization approach based on gold 
metallurgical data. Miner Eng. 2022;179:107425. 
https://doi.org/10.1016/j.mineng.2022.107425 



Forsal Issam et al. / Portugaliae Electrochimica Acta 44 (2026) 153-167 

164 

4. Akpolat O. Experimental design applications in chemistry: A case study on 
central composite design for optimization of extraction of olive seeds in a 
Soxhlet. Commun Stat: Case Stud Data Analyt Appl. 2019;5(3):189-199. 
https://doi.org/10.1080/23737484.2019.1620142 

5. Ramachandran SK, Tolesa LD, Abdulkadir AGM et al. Experimental design 
and optimization of decolourization of Reactive Black-5 dye using cloud point 
extraction. J Chem. 2022;2022:1-11. https://doi.org/10.1155/2022/2376597 

6. Forsal I, Touhami ME, Mernari B et al. Use of experimental designs to 
evaluate the influence of 2-mercaptobenzimidazole on the corrosion of mild 
steel in HCl (1 M) environment in the presence of alcohol ethoxylate. Port 
Electrochim Acta. 2010;28(3):203-212. https://doi.org/10.4152/pea.201003203 

7. Benbouya K, Forsal I, Elbakri M et al. Influence of pyridazine derivative on 
corrosion inhibition of mild steel in acidic media. Res Chem Intermed. 
2014;40(3):1267-1281. https://doi.org/10.1007/s11164-013-1037-z 

8. Tan JK, Zhang HB, Wang YH et al. Research on bearing capacity of hot-rolled 
steel combined short columns under eccentric load. Adv Struct Eng. 
2020;23(12):2557-2569. https://doi.org/10.1177/1369433220915796 

9. Yildirim IZ, Prezzi M. Chemical, mineralogical and morphological properties 
of steel slag. Adv Civ Eng. 2011;2011:1-13. 
https://doi.org/10.1155/2011/463638 

10. Liu X, Wang D, Li Z et al. Efficient separation of iron elements from steel slag 
based on magnetic separation process. J Mater Res Technol. 2023;23:2362-
2370. https://doi.org/10.1016/j.jmrt.2023.01.186 

11. Liew KM, Akbar A. The recent progress of recycled steel fiber reinforced 
concrete. Constr Build Mater. 2020;232:117232. 
https://doi.org/10.1016/j.conbuildmat.2019.117232 

12. Broadbent C. Steel’s recyclability: Demonstrating the benefits of recycling 
steel to achieve a circular economy. Int J Life Cycle Assess. 
2016;21(11):1658-1665. https://doi.org/10.1007/s11367-016-1081-1 

13. Barros J, Schneider J, Verbeken K et al. On the correlation between 
microstructure and magnetic losses in electrical steel. J Magn Magn Mater. 
2008;320(20):2490-2493. https://doi.org/10.1016/j.jmmm.2008.04.056 

14. Keong C. Steel in industrial construction: Studies highlighting strength, 
durability and cost-effectiveness. J Steel Struct Constr. 2023;9(3). 

15. Anor O, Lahmady S, Forsal I et al. An experimental investigation of a date 
seeds hydro-acetonic mixture extract inhibitor for corrosion inhibition of 
carbon steel in an acidic medium at high temperatures. Biointerf Res Appl 
Chem. 2022;13(3):271. https://doi.org/10.33263/BRIAC133.271 

16. Liu R, Han X, Wang F et al. Enhancing performance in copper corrosion 
inhibitors through molecular structural modifications: Mechanisms, design and 
future pathways. J Mol Liq. 2024;394:123750. 
https://doi.org/10.1016/j.molliq.2023.123750 



Forsal Issam et al. / Portugaliae Electrochimica Acta 44 (2026) 153-167 

165 

17. Chen L, Lu D, Zhang Y. Organic compounds as corrosion inhibitors for carbon 
steel in HCl solution: A comprehensive review. Materials. 2022;15(6):2023. 
https://doi.org/10.3390/ma15062023 

18. Touhami F, Aouniti A, Abed Y et al. Corrosion inhibition of Armco iron in 1 
M HCl media by new bipyrazolic derivatives. Corros Sci. 2000;42(6):929-940. 
https://doi.org/10.1016/S0010-938X(99)00123-7 

19. Huang J, Wu Z, Chen L et al. Surface complexation modeling of adsorption of 
Cd(II) on graphene oxides. J Mol Liq. 2015;209:753-758. 
https://doi.org/10.1016/j.molliq.2015.06.047 

20. Elkhotfi Y, Forsal I, Rakib EM et al. Evaluation of the inhibitor effect of new 
class triazole derivatives on the corrosion of ordinary steel in hydrochloric acid 
solution. Der Pharm Chem. 2016;8(15):160-170. 

21. Boubekraoui H, Forsal I, Ouradi H et al. Effect of dates extracts as 
environmentally friendly corrosion inhibitor for carbon steel in 1 M HCl 
solution. Analyt Bioanalyt Electrochem. 2020;12(6):828-840.  

22. Boubekraoui H, Forsal I, Eddahmi M et al. Anticorrosion properties of 
indazole derivative for corrosion inhibition of carbon steel in 1 M HCl. Surf 
Eng Appl Electrochem. 2021;57(4):466-472. 
https://doi.org/10.3103/S1068375521040049 

23. Lahmady S, Anor O, Forsal I et al. Electrochemical examination of an eco-
friendly corrosion inhibitor "Almond flower extract" for carbon steel in acidic 
medium (1 M HCl). Analyt Bioanalyt Electrochem. 2022;14(3):303-318. 

24. Lahmady S, Anor O, Forsal I et al. Investigation of Ziziphus Lotus Leaves 
Extract Corrosion Inhibitory Impact on Carbon Steel in a Molar Hydrochloric 
Acid Solution. Port Electrochim Acta. 2023;41(2):135-149. 
https://doi.org/10.4152/pea.2023410203 

25. Lahmady S, Forsal I. The influence of olive leaves extract as an eco-friendly 
inhibitor, temperature and immersion time on tin corrosion behavior in 3 wt% 
acetic acid using response surface methodology. Analyt Bioanalyt 
Electrochem. 2022;14(11):1044-1059. 

26. Benazouz K, Bouchelkia N, Imessaoudene A et al. Efficient and low-cost 
water remediation for chitosan derived from shrimp waste, an ecofriendly 
material: Kinetics modeling, response surface methodology optimization and 
mechanism. Water. 2023;15(21):3728. https://doi.org/10.3390/w15213728 

27. King C, Bzik T, Parker P. Estimating pure-error from near replicates in design 
of experiments. J Qual Technol. 2022;54(1):102-117. 
https://doi.org/10.1080/00224065.2021.1920347 

28. Bowden GD, Pichler BJ, Maurer A. A design of experiments (DoE) approach 
accelerates the optimization of copper-mediated 18F-fluorination reactions of 
arylstannanes. Sci Rep. 2019;9(1):11370. https://doi.org/10.1038/s41598-019-
47846-6 



Forsal Issam et al. / Portugaliae Electrochimica Acta 44 (2026) 153-167 

166 

29. Worku Kidane S. Application of response surface methodology in food process 
modeling and optimization. IntechOpen. 2021. 
https://doi.org/10.5772/intechopen.100113 

30. Oyewole O, Adeoye JB, Udoh VC et al. Optimization and corrosion inhibition 
of palm kernel leaves on mild steel in oil and gas applications. Egypt J Pet. 
2023;32(1):41-46. https://doi.org/10.1016/j.ejpe.2023.01.004 

31. Khormali A, Ahmadi S. Experimental and modeling analysis on the 
performance of 2-mercaptobenzimidazole corrosion inhibitor in hydrochloric 
acid solution during acidizing in the petroleum industry. J Pet Explor Prod 
Technol. 2023;13(11):2217-2235. https://doi.org/10.1007/s13202-023-01675-6 

32. Lahmady S, Forsal I. Investigation of the corrosion of aluminum soft drink 
packaging in a citric acid environment with catalytic ions through the Box-
Behnken design approach. Analyt Bioanalyt Electrochem. 2024;16(1):1-22. 
https://www.doi.org/10.22034/abec.2024.710592 

33. Kwak S. Are only p-values less than 0.05 significant? A p-value greater than 
0.05 is also significant! J Lip Atheroscler. 2023;12(2):89. 
https://doi.org/10.12997/jla.2023.12.2.89 

34. Jasim J, Rashid K, Al-Azaw KF et al. Optimization of the corrosion inhibition 
performance of novel oxadiazole thione-based Schiff base for mild steel in HCl 
media using Doehlert experimental design. Inorg Chem Commun. 2024:160; 
11911. https://doi.org/10.1016/j.inoche.2023.111911 

35. Aprael S, Abdul MBA, Atiyah EQ et al. Synergistic Effect of Potassium Iodide 
on Inhibitive Performance of Propyl Alcohol during Corrosion of Mild Steel in 
1.0 M HCl. Iraqi J Chem. Pet Eng. 2016;17(1):61-70. ) 61- 70 ISSN: 1997-4884 

36. Yang J, Bai G, Yan M. Minimum residual sum of squares estimation method 
for high-dimensional partial correlation coefficient. Mathematics. 
2023;11(20):4311. https://doi.org/10.3390/math11204311 

37. Etikan I. Experimental design: the role of treatment. Biom Biostat Int J. 
2016;3(4). https://doi.org/10.15406/bbij.2016.03.00074 

38. Melini V, Melini F, Comendador FJ. Response surface methodology as an 
experimental strategy for ultrasound-assisted extraction of phenolic 
compounds from artichoke heads. Antioxidants. 2023;12(7):1360. 
https://doi.org/10.3390/antiox12071360 

39. Yang XS. Regression and curve fitting. In: Engineering Mathematics with 
Examples and Applications. Elsevier. 2017;215-228. 
https://doi.org/10.1016/B978-0-12-809730-4.00025-2  

40. Chicco D, Warrens MJ, Jurman G. The Coefficient of Determination R-
Squared is more Informative than SMAPE, MAE, MAPE, MSE and RMSE in 
Regression Analysis Evaluation. Peer J Comput Sci. 2021;7:e623. 
https://doi.org/10.7717/peerj-cs.623 



Forsal Issam et al. / Portugaliae Electrochimica Acta 44 (2026) 153-167 

167 

41. Cheng CL, Shalabh, Garg G et al. Coefficient of determination for multiple 
measurement error models. J Multivar Analys. 2014;126:137-152. 
https://doi.org/10.1016/j.jmva.2014.01.006  

42. Ahmad A, Alam S, Sharma M et al. Analysis and Optimization of Bead 
Geometry by Using Response Surface Methodology. IntechOpen. 2023. 
https://doi.org/10.5772/intechopen.108513 

 


