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Abstract: This study demonstrates the use of several methods to suppress corrosion as well as the use 

of an expired medication termed expired Dogmatil drug (EDD), which functions as a corrosion inhibitor 

for CS in 1M HCl. In this case, an analysis using weight loss (WL) and electrochemical measurements 

was conducted. At 150 ppm and 318 K, EDD produced an inhibitory efficiency (IE) of 98.3%. The %IE 

rises with increasing drug dose and solution temperature. The EDD adsorption on the CS surface 

followed the Langmuir adsorption isotherm. Furthermore, because EDD operates on both anodic and 

cathodic processes, it unifies its many protective qualities, making it a mixed-type inhibitor. The 

computed thermodynamic and activation parameters were examined in order to gain a deeper 

understanding of the inhibitive process. The computational results showed that the drug prevented CS 

from corroding by forming a barrier that protected it from acid attack. The experimental findings were 

supported by these validated outcomes. Fourier-transform infrared spectroscopy (FTIR) analysis, 

atomic force microscopy (AFM), energy-dispersive X-ray (EDX), and scanning electron microscopy 

(SEM) all support this adsorption. Both the chemical and electrochemical measurement results show 

good agreement with one another. 
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1. Introduction 

Corrosion is a dangerous weapon that affects not only metals but also plants, animals, 

environments, and human health. Its definition is the interactions between the metal and its 

environment. If metals are subjected to corrosion, they will liberate toxins into the air and 

water, which cause pollution to the environment and threaten human health. However, metals 

tend to corrode to retain their natural form, called ore, which is a thermodynamically stable 

form. Expired drugs are used to recycle many pharmaceutically active substances and are called 

pharmaceutical compounds [1]. These pharmaceutical compounds lead to reduced cost and 

environmental pollution, and they have other benefits such as high solubility, large molecular 

weight, and benign nature, so they are recommended for use instead of organic inhibitors, 

which are dangerous and expensive [2]. Expired drugs have chemical structures that contain 

many donating atoms, which make them good corrosion inhibitors. Increasing the number of 

donating atoms will increase the inhibition of corrosion. For this reason, using expired drugs 

https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC146.142
https://www.mdpi.com/1420-3049/29/5/1157
https://www.mdpi.com/1420-3049/29/5/1157
https://www.mdpi.com/1420-3049/29/5/1157
mailto:asfouda@mans.edu.eg
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8118-2402
https://orcid.org/0000-0002-3239-4417


https://doi.org/10.33263/BRIAC146.142  

 https://biointerfaceresearch.com/  2 of 21 

 

is the perfect choice for corrosion inhibition. In this research, we use Dogmatil as a corrosion 

inhibitor of CS in 1M HCl. Firstly, our Dogmatil drug (EDD) appeared for the first time in 

1976 in published literature, and its primary use in medicine is the treatment of acute and 

chronic schizophrenia [3, 4]. EDD is considered a neuroleptic and antidepressant. EDD has a 

great effect on the nervous system, so doctors recommend it in cases of depression and irritable 

bowel syndrome. It must be used at the dose prescribed by a doctor to avoid its side effects, 

such as hyperprolactinemia and premature dyskinesia. It is an organic molecule that prevents 

corrosion by using an adsorption technique on the surface of metal by blocking its active site 

[5-7]. The occurrence key of the adsorption process is the chemical structure of EDD. It 

contains donating atoms such as oxygen, nitrogen, and sulfur in addition to benzene rings, 

which increase the inhibition process and influence the adsorption process by their lone pairs, 

which transfer into unoccupied d-orbitals of CS metal, leading to the formation of strong 

chemical bond which called a covalent bond. This chemical bond increases by increasing 

temperature. In this technique, EDD covers the space of the CS surface, forming a protective 

coating with a strong covalent bond [8-15]. Not only EDD is used for corrosion inhibition of 

CS in 1M HCl, but also many drugs are used for the same role as Phenytoin sodium drug (PSD) 

[16], Streptomycin [17], sulfa drugs compounds (e.g., sulfaguanidine, sulfamethazine, 

sulfamethoxazole and sulfadiazine) [18], green antihypertensive drug-Losartan potassium (LP) 

[19], Atenolol (ATL) and Nifedipine (NDP) [20], expired atorvastatin (EA) [21], Expired 

ranitidine [22], expired pantoprazole sodium EPS drug [23], Irbesartan [24], Cefalexin [25], 

Modazar [26], ampicillin [27], Tiazofurin [28], cloxacillin [29], Tetracycline [30], 

ciprofloxacin [31], 2-(2, 6-Dichloranilino) phenylacetic acid [32], Ketosulfone [33], and 

melatonin [34]. Finally, from the above, EDD can be seen as a corrosion inhibitor that keeps 

the surface of metal away from corrosion in 1M HCl. In this research, we will prove it through 

several techniques such as weight loss, EIS, AFM, FTIR, EDX, and SEM. After that, we will 

discuss how EDD can reduce the corrosion rate by using CS, whose main problem is its low 

resistance to corrosion in acidic medium, especially HCl and sulphuric acid solution, and it is 

more prone to corrosion than other steel types. CS is considered a type of iron alloy because 

iron is the main component, and at the same time, carbon is its most common element [35]. So, 

we can say that it has a mix of iron and carbon with different percentages. It contains other 

elements, such as sulfur, silicon, phosphorous, aluminum, and manganese, which can affect 

and change its properties. It has both mechanical and physical properties. Mechanical 

properties make it so popular as firmness and strength. On the other hand, physical properties 

as thermal conductivity and corrosion resistance. Thermal conductivity can be used to prevent 

cracking as a result of changing temperature. In brief, its versatility, its properties and its low 

price give it a great ability for many uses such as in medical instruments, industrial and 

engineering fields; any project needs strong and durable product, refining, components of 

bridges, chemical processing, petroleum production, steel piping and automotive parts [36, 37]. 

Acid solution, which is HCl, is used in washing of boilers, pickling to reduce scale, acid 

cleaning and descaling, components of rockets, purification, pH control as well as oil and 

petrochemical industries [38]. 
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2. Materials and Methods 

2.1. Materials and solution. 

The metal used in our research is carbon steel. It is composed of several elements, as 

shown in the following Table. 

Table 1. The chemical composition of CS (wt %). 

Element C Mn P Si Fe 

Weight % 0.20 0.60 0.04 0.003 The rest 

The experimental measurements were carried out in one molar HCl solution with and 

without various doses of EDD. 

2.2. Inhibitors preparation. 

EDD needs primarily some preparation before using 1000 mg of it is only needed. It 

was prepared by grinding five tablets with the highest concentration, 200 mg, to reach the 

desired concentration. After that, it was dissolved with distilled water. Then, it is used as stock 

to prepare several doses, which are needed in our research, using the dilution technique (25, 

50, 75, 100, 125, 150 ppm). Its chemical structure is shown in Figure (1); its chemical formula 

is C15H23N3O4S, and its molecular weight is 341.427 g/mol. 

 
Figure 1. Chemical structure of EDD. 

2.3. WL method. 

It is a highly accurate and precise method for determining the inhibition efficiency and 

metal corrosion rate. It is a very simple method. “For doing it, seven identical CS samples are 

needed; their dimensions are 2×2×2 cm, and their surface areas are 8 cm2. Firstly, these samples 

must be abraded by different grades of abrasive papers”. Then, wash them with dist water and 

weigh them. After that, immersed in 1M HCl with and without different doses of inhibitor, 

which are included (25, 50, 75, 100, 125, 150 ppm). This experiment lasted for only three 

hours. At equal time intervals, i.e., 30 min., samples are taken and ejected from acidic solutions 

and reweighted. Finally, the 𝜃)following equations can calculate the surface coverage degree 

(θ and % IE). [39-40,26]: 

𝜃 = (𝑤0 − 𝑤𝑖𝑛ℎ)/ 𝑤0              (1)            

% 𝐼𝐸 = [
𝑤0 −𝑤𝑖𝑛ℎ

𝑤0
] × 100          (2)         

Where wo and winh𝑤0  𝑎𝑛𝑑 𝑤𝑖𝑛ℎ are the values of WL with and without the addition of 

EDD. 

2.4. Electrochemical methods. 

They include several techniques, such as EIS and PDP. These techniques are used to 

prove the results of the mass loss method. Many types of electrodes are applied for them, such 
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as the reference electrode, a saturated calomel electrode SCE, platinum as an auxiliary 

electrode, and the working electrode. The working electrode is a CS sample with two sides. 

One is exposed to the test solution, and the other is welded with a CS rod [41]. To determine 

the steady state open circuit potential (OCP), the samples were submerged in a one-molar HCl 

solution for 30 minutes at room temperature. A potential scan between –250 and +250 mV was 

performed at 1 mVs-1 in order to identify polarization. The EIS results have been achieved with 

an amplitude of 10 mV over a frequency range of 0.01 Hz to 10 kHz. The solutions were not 

aerated; all tests were conducted at 298 K with a circulator. Every test was conducted using a 

newly made electrolyte and an electrode that had just been cleansed. The %IE was determined 

using Eqs. (3 & 4) based on the results of the PDP and EIS, respectively: 

%𝐼𝐸𝑃𝐷𝑃 = (1 −
𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
°

) × 100                                   (3) 

𝐼𝐸𝐸𝐼𝑆 = (1 −
𝑅𝑐𝑡

°

𝑅𝑐𝑡
) × 100                                         (4) 

Where io
corr and icorr represent the corrosion current densities of the samples exposed to 

the HCl solution and the electrolyte shielded by EDD, the resistance associated with charge 

transfer in the presence and absence of EDD is represented by the parameters of Ro
ct and Rct, 

in a similar manner. 

2.5. Surface analysis. 

2.5.1. FTIR technique. 

It is used to determine the functional groups that are present in EDD by adding the 

highest concentration of it in 1M HCl in the presence of CS for about three hours. 

2.5.2. AFM technique. 

It is used to detect the morphological characteristics of CS's outer surface, which 

becomes rough because its ideal shape deviates from its ideal shape due to the occurrence of 

corrosion or inhibitor adsorption. This technique is performed by adding CS metal in 1M HCl 

in the presence and absence of EDD for also three hours. At the same time, one of the CS 

metals was taken as a free reference, which means that it is not subjected to either inhibitor or 

HCl.  

2.5.3. SEM-EDX analysis. 

These measurements use JEOL JSM-5500. This technique is most likely to AFM as it 

is also used to identify the morphological characters of CS's outer surface. Nearly the same 

steps of the AFM technique are done by dipping CS metal in 1M HCl, and there is a lack of 

maximum EDD for three hours.  

2.6. Theoretical calculations. 

It is considered one of the most important theoretical tools that is used to illustrate the 

interaction between EDD inhibitors on the CS surface. There are a lot of parameters derived 

from it, such as total energy, “adsorption energy, rigid adsorption energy, and deformation 

energy” [42-44].  
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3. Results and Discussion 

3.1. WL tests. 

Following a series of dips (30, 60, 90, 120, 150, and 180 min) at varying temperatures 

(298, 303, 308, 313, and 318 K) in one molar HCl with and without EDD, the WL 

measurements of the CS samples are computed and plotted against time to produce a graph of 

Figure 2. In this graph, WL-time curves at 298 K are explained. This graph demonstrates how 

WL drops when an inhibitor is present. Table 2 illustrates that the percentage of corrosion 

inhibition (%IE) increases as the EDD dose increases due to temperature effects. This is 

because EDD coats a significant portion of the CS surface and creates a protective film, 

significantly reducing corrosion [40, 45]. 

Table 2. θ, and %IE of EDD with altered doses of EDD under the effect of temperature for corrosion inhibition 

of CS after 120 min immersion in one molar HCl. 
Conc., 

ppm 

298 K 303 K 308 K 313 K 318 K 

θ %IE θ %IE θ %IE θ %IE θ %IE 

25 0.892 89.2 0.950 95.0 0.960 96.0 0.965 96.5 0.965 96.5 

50 0.903 90.3 0.956 95.6 0.965 96.5 0.971 97.1 0.973 97.3 

75 0.915 91.5 0.960 96.0 0.970 97.0 0.974 97.4 0.976 97.6 

100 0.918 91.8 0.961 96.1 0.970 97.0 0.975 97.5 0.977 97.7 

125 0.922 92.2 0.964 96.4 0.972 97.2 0.977 97.7 0.978 97.8 

 
Figure 2. Shows the WL-time curves for the corrosion of CS in one molar HCl both with and without changed 

EDD dosages at 298 K. 

3.1.1. Adsorption isotherm. 

The adsorption process is performed as a substitution process as the adsorbed water 

molecule is replaced by an inhibitor molecule on the surface of CS metal [46, 47]. 

Inh(sol) + nH2O →  Inh(ads) + H2O(ads)        (5) 

To clarify this mechanism, several isotherms are used, such as Langmuir, Frumkin, 

Temkin, and Freundlich isotherms. The Langmuir is the best fit to characterize the adsorption 

technique. Figure 3 shows Langmuir isotherm, which is given by formula [48, 49]: 

Cinh/θ = (1/Kads) + Cinh                                          (6)                   

Kads is the adsorption equilibrium constant, θ is the surface covering degree, and Cinh 

is the inhibitor dose. The Langmuir isotherm is the most appropriate to describe the adsorption 

of EDD inhibitor on the CS surface, as shown by the plotting of Cinh/θ against Cinh, which 
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results in a straight line with a slope that approaches one, an intercept equal to (1/Kads), and a 

correlation coefficient (R2) that is almost equal to unity [50]. 

 
Figure 3. Langmuir adsorption of EDD on CS surface in 1 M HCl at different temperatures. 

 Adsorption free energy ∆Go
ads, which may be computed using the following equation 

[51–53], is related to Kads: 

𝑲𝒂𝒅𝒔 =
𝟏

𝟓𝟓.𝟓
× 𝐞𝐱𝐩 (−

∆𝑮°𝒂𝒅𝒔

𝐑𝐓
)                         (7)             

Where T is the absolute temperature, R is the universal gas constant, and the molar 

concentration of water in solution is 55.5. 

With the value of ∆Go
ads known, the kind of adsorption may be identified right away. 

Adsorption can be chemical or physical. The value of ∆Go
ads for chemisorption is around -40 

kJ mol−1 or more, whereas the value for physisorption is approximately -20 kJ mol−1 or below 

[54–58]. The spontaneous nature of the adsorption process is demonstrated by the negative (-

ve) value of ∆Go
ads. The enthalpy (ΔHo

ads) can be computed from the slope, which is equal to -

(ΔH°ads)/(2.303×R), after graphing log Kads vs. 1000/T (Fig. 4). 

 

 
Figure 4. Log Kads vs. 1000/T for the corrosion of CS in one molar HCl. 

ΔHo
ads can be either positive or negative. In case of a negative value, the adsorption process is 

exothermic and might be either physical or chemical [59]. Conversely, if the value is positive, 

the adsorption will be chemical in nature, and the process will be endothermic [60]. Lastly, the 

following equation [61] computes the adsorption entropy (∆So
ads): 

∆𝑮𝒂𝒅𝒔
° = ∆𝑯𝒂𝒅𝒔

° −  𝑻∆𝑺𝒂𝒅𝒔
°                    (8)              
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Table 3 presents essential thermodynamic parameters of the adsorption of ED inhibitor 

on the CS surface. From the data, the value of ∆Go
ads is around 30 kJ mol-1, and this indicates 

that the type of adsorption is mixed type, i.e., physical and chemical. Still, in our research, 

adsorption is mainly chemisorption due to many reasons. The first reason is the positive value 

of (ΔHo
ads), which confirms that adsorption is chemisorption and the endothermic reaction [62]. 

The second one is that the activation energy (E*a) decreases in the presence of ED rather than 

in its absence, and it also decreases by increasing its concentration. The last reason is the 

percentage of % IE rises to rise of temperature.  

Table 3. Langmuir adsorption parameters at different temperatures. 

Temp. K 
Log Kads 

(M−1) 

-∆Go
ads 

(kJ mol−1) 

-ΔHo
ads 

(kJ mol−1) 

∆So
ads 

(J mol−1 K−1) 

298 2.6 24.6 

58.7 

279.6 

303 3.0 27.5 284.7 

308 3.1 28.1 281.8 

313 3.2 29.7 282.7 

318 3.3 30.4 280.4 

The positivity of ∆So
ads indicates increased randomness at the metal surface due to the 

desorption of the H2O molecule and strong adsorption of inhibitor during the adsorption 

mechanism [63].  

3.1.2. Effect of temperature. 

The effectiveness of temperature on the corrosion rate of CS in 1M HCl using various 

doses of EDD inhibitor, which are between 25 and 150 ppm, can be checked by a WL test. 

Several temperatures ranging from 298 to 318 K are used. As shown in Table 2, the %IE of 

EDD increases with increasing temperature, which means that the adsorption type is 

undoubtedly chemisorption. The activation energy (E*
a) can be calculated using the Arrhenius 

equation [64].  

𝑘𝑐𝑜𝑟𝑟 = 𝐴 𝑒𝑥𝑝 (−
𝐸𝑎

∗

𝑅𝑇
)                       (9)             

Where A is the Arrhenius constant, kcorr is the corrosion rate, R is the general gas 

constant, and T is the absolute temperature. In Figure 5, plotting Log kcorr against 1000/T 

exhibits a straight line, so E*
a can be obtained from the slopes of the graph, which equals (-E*

a 

/ 2.303 R). 

 
Figure 5. Arrhenius plots for CS corrosion rates (kcorr) after 120 minutes of dipping in one molar HCl with and 

without altered doses of EDD. 
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By applying the transition state theory, the enthalpy (∆H*) and entropy (∆S*) are 

calculated by the given equation [65]: 

kcorr = "(RT/Nh) exp (∆S∗/R) exp (−∆H∗/RT)"                        (10)             

Where h represents Planck's constant, N represents Avogadro's number, ∆S* represents 

activation entropy, and ∆H* represents activation enthalpy. 

After that, Figure 6 illustrates the plotting of log kcorr/T vs. 1000/T, which also shows a 

straight line, and the activation enthalpy and entropy can be determined from slope and 

intercept, respectively. The slope equals to (∆𝐻∗/2.303𝑅), and the intercept equals to 

[log(𝑅/𝑁ℎ) + ∆𝑆∗/2.303𝑅)] [66]. The activation parameters are depicted in Table 4. 

 
Figure 6. Transition state CS corrosion rates (kcorr) in one molar HCl in the presence and absence of various 

doses of EDD. 

Table 4. Depict the values of E*
a, ∆H*, and ∆S*. 

Conc., ppm Activation parameters 

 E*
a, kJ mol.–1 ∆H*, kJ mol.–1 -∆S*, J mol.–1K–1 

Blank 41.5 39.3 195.6 

25 32.8 30.4 201.6 

50 30.9 28.4 205.1 

75 28.9 26.3 206.9 

100 28.7 25.9 208.2 

125 27.4 24.7 209.6 

150 26.3 23.1 214.9 

As seen from Table 4, the E*
a decreases by increasing the temperature and concentration 

of the inhibitor, which indicates that the type of adsorption of EDD on CS is chemical. Also, 

the values of ∆S* are large and negative, which explains that activated complex tends to exist 

in the association phase instead of the dissociation step [67]. 

3.2. Electrochemical analysis. 

3.2.1. PDP measurements. 

Figure 7 demonstrates the Tafel polarization diagrams. It includes both anodic metal 

dissolution and cathodic H2 reduction in the presence and absence of different doses of EDD 

in one molar HCl. There are several electrochemical parameters, including corrosion potential 

(Ecorr), anodic and cathodic slopes (βa‚ βc), and corrosion current (icorr), which shows a 

significant decrease after the addition of EDD with increasing its dose (Table 5). Ecorr is slightly 

changed, and its value is less than ±85; and this illustrates that EDD is a mixed-type inhibitor. 
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The reaction mechanism is not altered because Tafel slopes (βa‚ βc) are constant and parallel 

Tafel lines, which are given in the presence and absence of EDD [68, 69].  

 
Figure 7. Tafel polarization curves of CS dissolution with and without altered doses of EDD at 25ºC. 

Table 5. Corrosion parameters for CS in one molar HCl with various EDD doses. 

% IE θ 
kcorr 

(mmy-1) 

-βc 

(mV dec-1) 

βa 

(mV dec-1) 

-Ecorr. 

(mVvs SCE) 

icorr. 

(μA cm-2) 
Conc., ppm 

-- -- 148 110 79 218 995 Blank 

80.5 0.805 34 101 69 217 194 25 

81.4 0.814 30 103 79 219 185 50 

86.4 0.864 28 107 80 215 135 75 

87.1 0.871 27 104 88 216 128 100 

88.2 0.882 25 112 73 214 117 125 

90.6 0.906 21 106 88 217 94 150 

3.2.3. EIS measurements. 

It includes both Nyquist and Bode plots. Nyquist diagram shows a semicircle, which 

indicates that charge transfer occurred through the corrosion process (Figures 8 and 9). 

  
Figure 8. The Nyquist curves for CS dissolution in one molar HCl with and without different doses of EDD at 

25°C. 

 
Figure 9. Bode curves for CS corrosion in one molar HCl in the absence and presence of altered doses of EDD 

at 25°C.  
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Nonperfect semicircles are displayed due to impurities, surface roughness, heterogeneous 

electrode surface, and inhibitor adsorption forming a porous layer, and the electrode surface 

becomes uniform. In the Bode plots, increasing the EDD dosages will increase both the 

absolute impedance at low frequencies and the electrode impedance response of CS in one 

molar HCl, both with and without an EDD inhibitor. Figure 8 shows the perfect fitting for CS 

in one molar HCl. RS, Rct, and Cdl are components of this electrical equivalent circuit (Figure 

10). 

 
Figure 10. electrical circuits for experimental data fitting. 

 From the experimental data, it was found that an increase in EDD dose results in an increase 

in Rct values and a decrease in Cdl values (Table 6). This idea resulted from water molecules 

desorbing and being replaced on the CS surface by EDD molecules. Ultimately, its capacity to 

reduce surface heterogeneity increases inhibitor efficiency with increasing EDD dosages [70]. 

Cdl is computed using the equation [71] below:  

𝑪𝒅𝒍 = 𝒀°(𝒘𝒎𝒂𝒙)𝒏−𝟏                               (11)                                 

Where 𝑌°CPE coefficient, w is the maximum frequency, and n is the CPE exponent. 

Figure 10. Fitting the impedance spectral data using the electrical equivalent circuit. Where Rs 

is the solution resistance between CS and reference electrode, and CPE is the charge phase 

element. 

Table 6. EIS parameters for CS after dipping in one molar HCl in the existence of various EDD doses at 25oC. 

Conc. 

(M) 

Yo, 

(µ Ω-1
 sn

 cm-2
) x10-

6 

n 
Rct, 

Ω cm2
 

Cdl, 

μF cm-2 
Θ IE % 

Goodness of 

Fit 𝝌2 

Blank 465 0.991 3.2 439 -- -- 17.06x10-3 

25 362 0.989 29.9 344 0.893 89.3 13.22x10-3 

50 360 0.976 31.1 325 0.897 89.7 12.91x10-3 

75 335 0.942 37.7 256 0.915 91.5 11.31x10-3 

100 325 0.911 39.9 212 0.920 92.0 14.12x10-3 

125 310 0.901 42.2 192 0.924 92.4 16.19x10-3 

150 298 0.899 43.1 183 0.926 92.6 14.83x10-3 

3.3. Surface examination. 

3.3.1. AFM Analysis. 

It is an amazing method for describing the three-dimensional morphology of the CS 

outer surface. Three CS types are depicted in the following Figure 11. The first one is known 

as blank and is submerged in just one molar HCl. The second one is submerged in one molar 

HCl as well, but 150 ppm of EDD inhibitor is present. The last image illustrates free CS, which 

is not exposed to either HCl or inhibitor. Blank CS has significantly more damage than both 

other samples, so it has the highest mean roughness (Sa), which equals 211 nm. EDD inhibitor 

adsorbs on the CS outer surface, so the roughness obtained was reduced to 93.3 nm [72]. The 

free CS is clearer and has the lowest roughness, which equals 53 nm, and it is evidence that it 

is not affected by corrosion.  
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(A) (B) 

 
(C) 

Figure 11. AFM 3D images of (A) free CS smooth surface without any addition or immersion; (B) CS in one 

molar HCl only (Blank); (C) CS in one molar HCl + 150 ppm of EDD (within immersion for only 3 hours at 

298 K). 
 

3.3.2. SEM analysis. 

It is an important technique used to confirm the efficiency of EDD inhibitors and their 

ability to adsorb and form a protective surface film on the CS surface. The CS surface was 

examined for only three hours in three cases, as shown in Figure 12. Firstly, Figure (12-A) 

presents the micrograph of the free CS surface without exposure to either HCl or inhibitor. 

Figure (12-B) illustrates that CS which is immersed in one molar HCl only. This image 

demonstrated that CS was severely degraded due to a very hard attack by corrosion and became 

rough and cracked. On the other hand, Figure 12-C shows that the CS surface smoothed out 

even after being dipped in a corrosive liquid with 150 ppm of EDD inhibitor present.  

   
(A) (B) (C ) 

Figure 12. SEM images of (A) free CS; (B) CS after 3 hrs. dipped in one molar HCl only; (C) CS after 3 hrs. dipped 

in one molar HCl + 150 ppm of EDD. 
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This action of EDD inhibitor is due to its ability to adsorb on the CS surface and interact 

with reaction or active sites that are present on the CS surface, forming a protective coating on 

it and decreasing its contact with the corrosive medium [73]. From all the above, EDD is 

considered a perfect corrosion inhibitor. 

3.3.3. EDX analysis. 

The previous results were proved by the EDX technique. It is used to determine the 

percentage of elements present on the CS surface after immersion in a corrosive solution in the 

presence and absence of an inhibitor. Table 7 lists the composition of the CS surface of 

elements for all samples. Figure (13 A-C) shows the EDX profile analysis. Figure (13-A) 

explains the spectra of free CS with the highest concentration of iron as a strong Fe signal. In 

this case, CS is richer in iron than in any other case. Figure (13B) illustrates that CS is dipped 

in one molar HCl only. This spectrum indicates the presence of Cl obtained from the HCl 

medium and the formation of iron chloride, as well as the presence of the lowest concentration 

of iron and the highest concentration of oxygen due to the formation of iron oxides (Fe2O3 and 

Fe3O4), which considered evidence of corrosion occurrence [74,75]. Figure (13C) showed 

increasing in the iron more than the blank sample, which is related to the strong effect of the 

inhibitor and its %IE. The presence of oxygen is due to the oxygen atom of EDD. 

 
(A) 

 
(B) 

 
(C) 

Figure 13. EDX spectra of (A) free CS; (B) CS after 3 hrs. dipping in 1 M HCl only; (C) CS after 3 hrs. dipping 

in 1M HCl + 150 ppm of EDD. 
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Table 7. Surface composition (mass %) of CS before and after 3 hours of exposure to corrosive acid medium 

without and with 150 ppm of EDD. 

Samples 
Mass % 

Fe O Mn Cl 

Free CS 99.2 0.00 0.84 0.00 

Blank 71.1 27.1 0.47 1.33 

ED inhibitor 87.4 12.1 0.53 0.00 

3.4. Theoretical calculations. 

3.4.1. MC simulation. 

Figure 14 shows the final equilibrium configuration obtained from the MC (side and 

top) view for EDD on the surface”. Through the adsorption process, adsorption energy is either 

required or liberated [76].  

 

  
(a) (b) 

Figure 14. Final equilibrium configuration obtained from MC (a) top; (b) side view for EDD on the 

surface. 

The released energy is measured by deformation energy. Adsorption energy is 

characterized as declining energy and can be calculated by summation of both rigid adsorption 

energy and deformation energy, as shown in Table 8 [77]. A negative value of adsorption 

energy indicates the stability of EDD adsorption on the CS surface. By decreasing the 

adsorption energy, the inhibitor's adsorption affinity and inhibition efficiency will be high 

(Table 8). The adsorption locator module is used to describe the top and side view of the most 

suitable, stable, and lowest energy configuration for the adsorption of EDD on the CS surface. 

The side view indicates that EDD is parallel to the surface of CS, but the top view shows that 

EDD is nearly flat on the CS surface. This means that the CS surface is already covered with 

EDD inhibitor, which creates an adsorbed stable layer to protect it from corrosion.  

Table 8. MC emulation variables of EDD molecule on Fe (1 1 0). 

Structure Total energy 
Adsorption 

energy 

Rigid adsorption 

energy 

Deformatio

n energy 

Eads: 

compound 

Fe (1 1 0) – 1EDD -3393.897 -3326.192 -3497.692 171.5 -234.27 

 
3.4.2. Quantum chemical calculation. 

Figure 15 shows the frontier molecular provides the electron density maps of HOMO 

and LUMO for the EDD. DFT theory is applied to quantify the EDD molecule's quantum 

chemical properties.  
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(a) (b) 

Figure 15. The frontier molecular provides the electron density maps of (a) HOMO; (b) LUMO for the 

EDD. 

The relationship between the CS surface and EDD was influenced by these 

characteristics. These include highest occupied molecular orbital (EHOMO), lowest unoccupied 

molecular orbital (ELUMO, dipole moment ( 𝜇), energy gap (∆𝐸), electron affinity (A), 

ionization potential(I), electronegativity (χ), global hardness (η) and softness ( σ) (Table 9). 

Firstly, EHOMO illustrates the ability of the inhibitor to donate electrons to the empty d-orbital 

which is present on the CS surface. By increasing its value, the %IE will increase, and the 

adsorption process will be more facilitated and become easier [78]. On the other hand, ELUMO 

indicates the tendency of molecules to accept electrons. Reducing the value of ELUMO will 

boost a molecule's capacity to receive electrons. Since ∆E represents the energy required to 

remove an electron from the final occupied orbital, it was deemed desirable to be low.  

This equation is used to calculate it:  

∆𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                                 (12)     

Additionally, as it creates a connection between the ionization potential and the electron 

affinity, A and I are connected to the EHOMO and the ELUMO. The absolute electronegativity, χ, 

and hardness, η, respectively, Equations following illustrate the calculation of the inhibitor 

molecule's global softness, σ. 

𝐼 = −𝐸𝐻𝑂𝑀𝑂                                                                                            (13) 

𝐴 = −𝐸𝐿𝑈𝑀𝑂                                                                                       (14)                              

𝜒 =
𝐼+𝐴

2
= −

𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
                                       (15)  

𝜂 =
𝐼 − 𝐴

2
=

𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂

2
=

1

2
∆𝐸𝐿−𝐻              (16) 

𝜎 =
1

𝜂
                                                                                (17) 

The lower value ∆𝐸 will render the reactivity and inhibition efficiency of EDD high 

and strong [79]. Dipole moment (𝜇) improves the adsorption of EDD on CS surface by 

increasing its value”. As a result, the strong dipole-dipole connections between the inhibitor 

and the metal surface, as demonstrated in Table 9, are responsible for the inhibitor's high dipole 

moment. Certain parameters, such as global hardness (𝜂) and softness (σ), are linked to the 

molecule's selectivity and reactivity. As per the Lewis theory of acid/base and Pearson's 

hard/soft acids and bases [80], more reactive and bigger ∆E values are associated with hard 

molecules. Based on Table 9, it can be inferred that EDD has a greater σ value, indicating a 

softer nature. EDD would, therefore, be more likely to provide electrons to CS. If the ΔN value 
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of the inhibitor is higher, it is found to have a stronger capability of donating electrons to 

metallic surfaces [81].  

Table 9. Quantum calculation parameters for a molecule of EDD obtained from DFT. 

Parameters (Variable) DFT 

-EHOMO 

(ev) 
4.297 

-ELUMO 

(ev) 
4.025 

∆E, (eV) 

(EL-EH) 
0.27 

µ (debye) 

(Dipole moment) 
22.3 

A (eV) 

(electron affinity) 
4.025 

I (eV) 

(ionization potential) 
4.297 

χ (eV) 

(electronegativity) 
4.16 

η (eV) 

(global hardness) 
0.14 

∆N 10.44 

σ (eV-1) 

(softness) 
7.35 

3.5. Inhibition mechanism. 

The EDD inhibitor can not start working or show its effect until it binds to the CS 

surface. This adsorption may be physical or chemical, so many parameters affect the adsorption 

process and degree of inhibition, such as metal surface and inhibitor charges, number of 

heteroatoms and aromatic ring, corrosive media composition, and the density of electrons [82]. 

Scheme 1 shows the adsorption of EDD on the CS surface. EDD is adsorbed chemically on the 

CS surface in a special way, which occurs by transferring unshared electrons of heteroatoms 

as well as benzene rings to the empty d-orbitals of iron atom on the CS surface, forming a 

complex between Fe and EDD inhibitor by coordination bonding. This behavior leads to 

forming a protective coating layer on the CS surface, which acts as a barrier to prevent its 

interaction with the corrosive environment. In this way, the CS surface is protected from 

corrosion [83,84]. On the other hand, protonated inhibitor molecules in 1 M HCl prefer physical 

adsorption through electrostatic interactions. They interact with negatively charged chloride 

ions, which are adsorbed on the CS surface. Finally, EDD has the potential to be a perfect 

corrosion inhibitor through the chemisorption process.  

 
Scheme 1. Adsorption of EDD on CS surface. 
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4. Conclusions 

 The EDD acts as a good and efficient corrosion inhibitor for the corrosion of CS in 1M 

HCl solution.  The IE increases with the temperature and the dose of the EDD.  EDD's 

inhibition of CS corrosion can be attributed to the adsorption ability of its molecules onto the 

active sites of the metal surface. The adsorption of the EDD on the CS obeys Langmuir 

adsorption isotherm. Polarization data indicate that the EDD acts as a mixed-type inhibitor.  

SEM and AFM reveal the formation of a smooth, uniform surface on CS in the presence of the 

EDD, indicating a good protective layer on the metal surface. The results obtained from 

different measurements were consistent. 
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