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Abstract 

The current study included testing and evaluating the Gemini surfactant as an inhibitor to impart 

high resistance to corrosion challenges in installations used for seawater desalination, oil and 

gas transmission, and protection of down-hole pipelines (N-80 steel). The Gemini surfactant is 

sodium 2,2′-(18,25-dioxo-17,26-dioxa-20,23-diazadotetracontane-20,23-diyl) diacetate, 

designated as SDD. The SDD compound was studied as an inhibitor at 50°C (±1) in 1 N HCl 

as the corrosive environment. The inhibitor was evaluated through electrochemical impedance 

(EIS) and potentiodynamic polarization curves (PPC). The results showed that SDD acts as a 

mixed-type inhibitor. The theoretical adsorption characteristics were studied through the Monte 

Carlo technique, which provided useful information regarding the adsorption behavior of SDD, 

which adsorbed vertically on the Fe(001) surface through oxygen and nitrogen atoms. The 

simulation study confirms that the experimental results are associated with the electronic 

characteristics of the structure. The Gemini surfactant showed excellent results in inhibiting, 

where the efficiency optimum reached 89.40% and 91.37% as determined by the EIS and PPC 

techniques, respectively. From the Fermi level, it was noted that the minimum conduction band 

and the maximal valence band did not overlap, therefore metallic features appeared in the SDD 

inhibitor. Mulliken showed the electrophilic and nucleophilic sites, where the oxygen and 

nitrogen heteroatoms were the electrons-rich sites. 
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1. Introduction 

Carbon steel is widely used in the industry of production and transportation pipelines in oil 

facilities, therefore its corrosion causes tremendous damage to pipelines of crude oil 

transportation and thus threatens production and the global economy [1]. Recently, the use 

of surfactants as inhibitors has received extensive attention in the oil and gas industry for 
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corrosion inhibition of production and transportation pipes. The surfactant molecules usually 

adsorb on metal surfaces and form protective films that act as barriers to prevent penetration 

of corrosive environment and attack on the metal. Understanding the behavior of surfactants 

in corrosive environments is critical to their use as inhibitors. The oil and gas industry 

received considerable attention from researchers because oil mining and transportation have 

become expensive due to equipment damage caused by corrosive media containing H2S, Cl2, 

O2, and CO2 dissolved gases [2, 3]. The transportation of crude and refined petroleum 

depends mostly on the pipeline system. However, these pipelines are corroded by impurities 

and the presence of chromates, oxygen, carbon dioxide, and sulfur, which cannot be avoided. 

The organic inhibitors containing heteroatoms like S, N, O, etc., or polar functional groups 

were used as effective corrosion inhibitors [4–6].  

Meanwhile, the challenges of the corrosion confrontation have important economic, 

technical, and environmental impacts, due to industrial use, particularly in the oil and gas 

production fields, and petrochemical industries. Inhibitors play an important role in 

decreasing corrosion by isolating and blocking the metallic surfaces from the corrosive 

environment, fashioning a protective hydrophobic film of adsorbed molecules on the metal 

surface [6–8]. Computational simulation is a useful method for analyzing the electronic 

parameters of the inhibitor’s structure and enhancing the experimental results. The 

distribution of electrons in the HOMO and LUMO orbitals and the energy gap explain the 

adsorption phenomena and the inhibition mechanism of metal surfaces. Computational 

studies have become common in corrosion interpretation which helps understand and 

identify adequate sites for interaction between an inhibitor and a metal surface [9–11]. Three 

types of adsorption may occur on metal surfaces: (i) interaction between the metal and the 

free electron pairs of compounds, (ii) electrostatic attraction between the charged 

compounds and charged metal, (iii) interaction between a metal and -electrons [12]. Almost 

all corrosion reactions of iron are electrochemical, where iron atoms undergo the oxidation 

process and turn into ions with liberation of electrons, where the negative charge quickly 

piles upon the metal and prohibits the anodic reaction [13]. The computational methodology 

confirmed the close correlation between inhibition efficiency and quantum properties like 

energy gap, highest occupied and lowest unoccupied molecular orbitals, and dipole moment 

[14, 15]. The Gemini surfactant N-(2-(((2-((dodecyldimethylammonio)oxy)ethyl)((26-

hydroxy-3,6,9,12,15,18,21,24-octaoxahexacosyl)oxy) phosphoryl)oxy)ethyl)-N,N-dimethyl-

dodecan-1-aminium bromide is a very effective inhibitor for corrosion of carbon steel [16]. 

To reduce the economic cost resulting from the extraction and transportation of crude oil, 

there must be inhibitors for the corrosion of crude oil pipes which is inevitable. The 

pipelines, wells, and tubing of oil wells are typically constructed of N80 steel, which is 

subject to significant rusting due to the aggressive nature of the acid solution during the 

pickling process. To mitigate metal loss during the process, corrosion inhibitors are added 

to the acid solution before the pickling process [17]. 

The Gemini surfactant (SDD) can treat the water in crude oil [18], therefore the main 

objective of this paper is to appraise the SDD as a practical corrosion inhibitor by the EIS 
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and PPC techniques and characterize it by theoretical study to get multiple uses for SDD, 

such as the treatment of water in crude oil, corrosion reduction of crude oil pipelines, with 

the corrosion reduction of installations’ seawater desalination, and protection of down-hole 

pipelines.  

 

Figure 1. Chemical structure of the Gemini surfactant (SDD) [18]. 

2. Experimental Details 

2.1. Synthesis of sodium 2,2′-(18,25-dioxo-17,26-dioxa-20,23-diazadotetracontane-20,23-

diyl) diacetate 

Step 1: Synthesis of ethylenediaminetetraacetic acid dianhydride (EDTA-DA).  

EDTA dianhydride was synthesized by mixing 16 ml, 0.2 mol of pyridine with 14 ml, 

0.15 mol of acetic anhydride. The mixture was added to 10 g, 0.34 mol of EDTA with 

stirring for 12 hrs. at 70°C. It was filtrated, washed with diethyl ether and dried. The yield 

was 86%.  

 

Figure 2. Synthesis sequence of the Gemini surfactant (SDD). 
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Step 2: Synthesis of EDTA dialkyl esters. 

2.56 g, 0.01 mol of EDTA-DA prepared in step 1 was dissolved in 60 ml of DMF, then 

mixed with 4.84 g, 0.0002 mol of 1-hexadecanol at 100°C for 18 hrs. It was cooled at room 

temperature, and then 200 ml of an ice-water mixture was poured. A white substance that 

precipitated was then recrystallized from ethanol:water (2:5). 

Step 3: Synthesis of sodium 2,2′-(18,25-dioxo-17,26-dioxa-20,23-diazadotetracotane-

20,23-diyl) diacetate.  

8%, 0.02 mol of NaOH was added to 0.01 mol of alcoholic solution of ester prepared 

in step 2 in batches at 25°C with continuous stirring, then 50 ml of acetone was added to it. 

The target compound precipitated as a white powder, then recrystallized from water:acetone 

(7:2) [18].  

2.2. The experimental details of EIS, SEM, and PPC techniques 

The EIS tests were carried out at 50°C in 1 N HCl as a corrosive solution in the presence of 

the inhibitor at 10, 20, 30, 40, and 50 mg/L concentrations. Electrochemical tests were 

performed in a three-electrode cell at a voltage of 20 mV vs. the open circuit potential and 

frequency ranging from 0.5 Hz to 100 KHz. The EIS characteristics obtained are the charge 

transfer resistance Rct, solution resistance Rs, the potential of zero charge Epzc, open circuit 

potential Eocp, and double-layer capacitance Cdl. The Rs and Rct were calculated using an 

electrochemical corrosion analyzer by intersecting the fitted semicircle with the real axis 

(Zreal) at the high and low frequencies, respectively. The Cdl was calculated by Equation 1 

[19]. By reliance on Equation 2, the excess positive potential (Ep) was calculated [20]. The 

inhibitor efficiency (%) was calculated by Equation 3 [19].  

 dl

ct

1

ω
C

R



 (1) 

where ω is the angular frequency which equals 2πfmax. Here, the fmax is the frequency in Hz. 

 Ep=Epzc–Eocp (2)  

The Epzc and Eocp represent the potential of zero charge and open circuit potential, 

respectively. 
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The Rct(inh) and Rct(uninh) are the charge transfer resistance of the inhibited and uninhibited 

solution, respectively. The ctR  represents the charge transfer resistance with diffusion layer 

resistance which was calculated as described in Equation 4 [21].  

 ct ct sR R R    (4) 
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The analysis of the N-80 surface was done using a scanning electron microscope (SEM) 

before and after immersion in 1 N HCl for 10 hrs. in the presence of 50 mg/L inhibitor at 

50±1°C. After the samples were removed from the corrosive solution, they were rinsed with 

ethanol and dried, then inspected in a TESCAN VEGA3 instrument operated at an 

accelerating voltage of 30/20 kV.  

To evaluate the SDD, it was studied as an inhibitor at different concentrations at 50°C 

in 1 N HCl by the potentiodynamic polarization curves (PPC) technique. Tafel curves were 

recorded on N-80 carbon steel with polarization potentials ranging from –250 to +250 mV 

relative to the open circuit potential at a scan rate of 1 mV/s. The solution volume in the 

corrosion cell was 500 ml. The reference electrode was Ag/AgCl. The PPC parameters that 

were identified from the Tafel plots included the corrosion potential (Ecorr), corrosion current 

density (Icorr), and slope of the anodic and cathodic curves (βa, βc), respectively. The inhibitor 

efficiency, surface coverage, and displacement of corrosion potential ∆Ecorr were calculated 

by Equations 5, 6, and 7 respectively [21, 22]. The constant phase element (CPE) Qad 

represented the adsorption capacitance and was calculated by Equation 8, where Y0 and α are 

ZCPE fit parameters, w is the angular frequency, and 1j    [23]. The polarization 

resistance PR includes several types of resistance, electrolyte resistance, charge transfer 

resistance, film resistance, etc., [24] and was calculated by Equation 9 [25]. 
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where 
0

corri  and icorr are corrosion current densities in the absence and presence of an inhibitor, 

respectively. 

 
0
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where Ecorr and 
0

corrE  denoted the corrosion potential with and without inhibitor, respectively. 
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The composition of N-80 steel (wt%) is C, 0.31; Mn, 0.92; Si, 0.19; S, 0.008; P, 0.010; 

Cr, 0.20 and remainder Fe. 
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3. Results and Discussion  

3.1. Surface characterization by scanning electron microscopy (SEM) 

Scanning electron microscopy is a technique that is important for providing information 

about the surface morphology, topography, and products of the corrosion process [26]. To 

evaluate the conditions of the N-80 surface and determine whether an inhibitor protected the 

surface of N-80, the carbon steel was immersed in the corrosive environment for 10 hours, 

and then analyzed immediately after removal from the corrosive environment. The 

microscopic image of the uninhibited surface revealed that there are distortions and several 

pits generated due to an aggressive HCl attack on the N-80 surface as shown in Figure 3b. 

Despite this, a microscopic image of the surface in the presence of 50 mg/L of SDD shows 

that surface corrosion decreased remarkably and possesses fewer distortions (smoother 

compared with that in the absence of the inhibitor), as shown in Figure 3c [27–29]. This 

indicates and confirms that the carbon steel surface is fully covered by the adsorbed inhibitor 

molecules, furthermore a protective inhibitor film was formed on the surface of N-80, 
revealing the inhibition of carbon steel corrosion by the SDD inhibitor [30].  

 

Figure 3. SEM images of carbon steel: (a) polished surface, (b) in 1 N HCl without inhibitor 

for 10 h, (c) in 1 N HCl containing 50 mg/L of SDD for 10 h. 

3.2. Results of EIS  

The SDD was studied with the EIS technique most precisely. The Nyquist plots in the 

absence and presence of the inhibitor reveal that the diameter of the semicircle in the absence 

of the SDD is smaller than in its presence, as shown in Figure 4. The plots obtained in the 

presence of SDD are made up of regular semicircular capacitive loops. It was seen that the 

capacitive loop in the presence of the inhibitor has a diameter larger than in the absence of 

the inhibitor, which proves that carbon steel’s impedance rises with the addition of the SDD 

to the corrosive environment [31, 32]. The semicircles in the Nyquist plot were observed as 

incomplete, due to dispersion, deviation of frequency, distortions, and inhomogeneity of the 

carbon steel surface [32]. An increase in the SDD concentration led to a growth in the 

diameter of the semicircle in the curve. This finding implies that charge transfer resistance 
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increased and the corrosion rate decreased. The Nyquist plots show depressed semicircular 

arcs at high and intermediate frequencies. The width of the capacitive loop in the curve 

widens as the inhibitor concentration increases, indicating effective adsorption and better 

protection, as shown in Figure 4 [33, 34]. 

The benefit of Bode plots is that they provide confirmed information on the relation of 

real impedance with the frequency [35]. The Bode plots show that an increase in SDD 

concentration led to a broad shift in the impedance modulus, indicating a delay in the 

corrosion process [31]. The highest real impedance was noted at the lowest frequency, and 

the level of corrosion inhibition was high at 89.40%, and the lower the frequency, the more 

efficiently the SDD increased. This suggests the creation of a protective film from the SDD 

to shield the surface of carbon steel to be most stable as shown in Figure 5 [35]. The 

impedance increased in the presence of the inhibitor compared to that without an inhibitor 

(blank) due to prevention of the corrosion process [36]. Of the concentrations used, the 

higher concentration of 50 mg/L provided the highest impedance at the lowest frequency. 

Thus, these results confirm that the best inhibition was reached at 50 mg/L [36]. 
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Figure 4. Typical Nyquist plots in the uninhibited solution and in the solutions inhibited by 

SDD. 
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Figure 5. Bode plots in the uninhibited solution and in the solutions inhibited by SDD. 
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Table 1 demonstrates that the values of charge transfer resistance Rct increased greatly 

with an increase in the concentration of the SDD inhibitor. This possibly indicates that the 

protective layer is formed on the carbon steel surface, which created barriers for charge 

transfer and prevented corrosion. At the highest value of Rct 301.00 Ω·cm2, the ratio of 

protection against corrosion was excellent and amounted to 89.40% [34, 36]. In contrast, the 

obvious decrease in double-layer capacitance accompanied by a regular increase in charge 

transfer resistance is a likely a consequence of the adsorption of the SDD molecules on the 

N-80 surface. In this regard, the adsorption leads to an increase in the adsorbed film 

thickness, a decrease in the local dielectric constant, or both. This case was attributed to the 

fact that the adsorbed molecules of SDD with a lower dielectric constant gradually replaced 

H2O molecules on the surface of carbon steel [37, 38].  

Table 1. Results of EIS in the inhibited and uninhibited solutions by SDD at 50°C (±1). 

Conc. 

(mg/L) 

fmax 

(Hz) 

Cdl 

(μF/cm2) 

Rct 

(Ω·cm2) 
Rs 

(Ω·cm2) 

ct

R  

(Ω·cm2) 

EI 

(%) 
α 

Qad·10–3 

(sα/Ω·cm2) 

0 112.3 44.74 31.88 0.21 31.67 – 1.973 2.224 

10 60.27 28.94 91.29 0.79 90.50 65.07 0.745 1.756 

20 44.50 21.63 165.40 1.23 164.17 80.72 0.612 1.002 

30 42.44 21.75 172.50 1.69 170.81 81.51 0.782 0.732 

40 31.06 21.68 236.40 2.231 234.16 86.51 0.699 0.664 

50 28.54 18.53 301.00 3.237 297.76 89.40 0.792 0.298 

According to the Helmholtz model, the better inhibition performance of the SDD 

inhibitor is associated with the Qad value. The element α represents a gauge to determine the 

surface inhomogeneity resulting from roughness and the adsorption of the inhibitor 

molecules on it. The decrease in Qad values from 1.756·10–3 sα/Ω·cm2 at 10 mg/L to 

0.298·10–3 sα/Ω·cm2 at 50 mg/L suggests an increase in the thickness of the electrical double 

layer due to the adsorption of SDD molecules on the carbon steel surface by replacing SDD 

molecules rather than water molecules. It is worth noting that the experimental results 

showed that the efficiency increases with decreasing Q values as shown in Table 1 [39, 40]. 

The values of (OCP) and (PZC) without inhibitor are 88.81 mV/SCE and 125.71 mV/SCE 

respectively, while in 50 mg/L the values are 103.5 mV/SCE and 225 mV/SCE respectively. 

The Epzc value is more positive than the OCP, hence the charge of the N-80 surface (Ep) is 

positive: +36.9 mV without the inhibitor and +121.5 mV with the inhibitor, so negative ions 

adsorb firstly on the surface [37]. When comparing the Gemini surfactant N,N′-((1,4-

phenylene bis(azanediyl))bis(2-hydroxypropane-3,1-diyl))bis(N,N′dimethyldecan-1-aminium) 

(PAPM) with SDD in the current study, it was noted that the optimum efficiency of PAPM 

reached 90.32% for the weight loss method and 87.17% for the EIS technique [5]. The SDD 



 Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 38–60 46 

  

 

efficiency optimum reached 89.40% and 91.37% according to the EIS and PPC techniques, 

respectively. 

 
Figure 6. The equivalent circuit for fitting the EIS plots. 

3.3. Potentiodynamic polarization curves (PPC) 

Figure 7 shows the potentiodynamic polarization curves of carbon steel corrosion in 1 N HCl 

at different concentrations of the SDD inhibitor. From these curves, the corrosion current 

density was noted to decrease with an increase in the Gemini surfactant concentration due to 

the adsorption of the SDD molecules on the carbon steel, leading to a reduction in the metal 

dissolution rate due to the blanketing of the surface of N-80 and blocking the corrosive 

material from reaching the surface [41, 42]. In addition, a significant reduction was seen in 

the corrosion current density for all added concentrations compared to that obtained without 

the inhibitor. This may be due to the adsorption of the SDD molecules on the N-80 surface, 

thus blocking its active site [43]. The anodic slope (βa) value is greater than the cathodic 

slope (βc) value at all the concentrations. This implies that the presence of SDD hinders the 

dissolution N-80 more than hydrogen evolution [42]. There is a small shift in βa values from 

98 mV·dec–1 to 89 mV·dec–1 which is attributed to the formation of a protective layer of 

SDD that blocks the active centers and hinders the corrosion process [44]. The inhibition 

efficiency increases with an increased concentration of the inhibitor due to increased 

adsorption of the SDD inhibitor on the surface of carbon steel. The polarization resistance 

PR which includes electrolyte resistance, charge transfer resistance, and film resistance, 

increased from 1.568 Ω·cm2 to 2.010 Ω·cm2, leading to increased inhibition efficiency from 

78.48% to 91.37%. The surface coverage for N-80 increased with an increase in the 

concentration of SDD as shown in Table 2. The optimum inhibitor concentration is 50 mg/L 

and the inhibition efficiency obtained is 91.37% [42]. If the shift in the corrosion potential 

exceeds 85 mV compared to the corrosion potential in the inhibitor’s absence, the inhibitor 

behaves as an anodic or cathodic type. In contrast, it is considered mixed inhibition if the 

potential change is less than 85 mV. Accordingly, the SDD represents a mixed-type inhibitor 

because the shift in corrosion potential is less than 85 mV as visible in Figure 7 and Table 2, 

therefore the SDD prevents both the cathodic and anodic processes together [41, 42, 44]. 
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Figure 7. Typical Tafel plots in the uninhibited solution and in solutions inhibited by the 

SDD. 

Table 2. Results of PPC in the uninhibited solution and in solutions inhibited by the SDD at 50°C (±1). 

Concent

ration 

(mg/L) 

Ecorr 

(V/AgCl) 

icorr 

(mA·cm–2) 
∆Ecorr 

(V) 

βa 

(mV·dec–1)  

βc 

(mV·dec–1) 

PR 

Ω·cm2 
θ IE% 

0 –0.421 54.75 – 104 –95 0.394 – – 

10 –0.326 11.78 0.095 98 –75 1.568 0.7848 78.48 

20 –0.291 6.34 0.130 96 –43 2.036 0.8842 88.42 

30 –0.318 5.98 0.103 92 –22 1.290 0.8907 89.07 

40 –0.292 4.94 0.129 94 –35 2.244 0.9097 90.97 

50 –0.340 4.72 0.161 89 –29 2.010 0.9137 91.37 

4. Theoretical Investigation of the Performance of Gemini Surfactants 

In general, the electronic characteristics can provide valuable information about the 

mechanism of inhibition and predict the adsorption of inhibitory materials on metal surfaces. 

They are considered as powerful tools for the analysis of experimental data and for 

investigating the interaction of the inhibitor with the surface of a metal. The electronic 

characteristics were analyzed by the DMol3 Energy/EPS software [45], which included 

electrostatic potential surfaces (EPS), Mulliken charges, Fermi level, and HOMO, LUMO 

orbital values. In this regard and according to the energy values of the EHOMO and ELUMO 

orbitals, the energy gap (ΔE), electronegativity (ꭓ), softness (s), ionization energy (IE), 

electron affinity (EA), hardness (η), chemical potential ρ, number of transferred electrons 

(∆N) and ∆EBack-donation were calculated. The energy gap and electronegativity were calculated 

by Equations 10 and 11, respectively [24]. 
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 ∆Egap=ELUMO–EHOMO (10) 

 HOMO LUMOχ
2

E E
  (11) 

Ionization energy IE and electron affinity EA were calculated by Equations 12 and 13, 

respectively [46].  

 IE=−EHOMO (12) 

 EA=−ELUMO (13) 

The softness (s) [47] and hardness (η) [48] were calculated by Equations 14 and 15, 

respectively. 

 
1

η
s   (14) 

 
gap

η
2 2

EIE AE 
   (15) 

Chemical potential represents the first derivative of energy and was calculated through 

Equation 16 [37]. 

 ρ=−ꭓ (16) 

The number of transferred electrons was calculated through Equation 17 [22, 34].  

 
 
 

Fe inh

Fe inh

χ χ

2 η η
N


 


 (17) 

where χFe is the absolute electronegativity of iron, and χinh denotes the absolute 

electronegativity of inhibitor molecules, while ηFe denotes the absolute hardness of iron and 

ηinh denotes the absolute hardness of inhibitor molecules.  

In this regard, the χFe equals 7 eV, and ηFe equals 0 eV, and depending on these facts 

the ∆N can be calculated through Equation 18 [49]. 

 
 

inh

inh

7 χ

2 η
N


   (18) 

As for the ∆EBack-donation, it was calculated through the relation with global hardness as 

shown in Equation 19 [50]: 

 Black-donation

η

4
E


   (19) 
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4.1. Electronic characteristics methodology  

The energy of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO) are highly important properties closely related to each other, 

therefore they must be interpreted [51]. The high value of the HOMO indicates that the 

molecule has a strong tendency to donate electrons. In contrast, the low value of the LUMO 

refers to the ability to accept electrons and form stable bonds. The results of SDD molecules 

revealed that the value of HOMO and LUMO are –6.05 eV and –2.43 eV, respectively. The 

electronic configuration of the iron atom is [Ar]18 4s2 3d6. The 4s orbital is occupied while 

the 3d orbit is unoccupied. Therefore, the 3d orbit can accept the electrons from the nitrogen 

and oxygen atoms in the inhibitor molecule using HOMO energy to relate the inhibitor 

molecule with the iron surface. The adsorption occurs through the formation of coordinate 

covalent bonds. Hence the iron surface behaves as an electrophile center while the hetero 

atoms in the SDD behave as nucleophile centers, so inhibition occurs [37, 51]. The SDD 

molecules can accept the electrons by the LUMO orbit from the anti-bonding orbit 4s of iron 

to form a back-donation bond with a value of −0.452 eV [24]. Furthermore, perhaps another 

inhibition occurs due to the interaction between the π-electrons of the SDD inhibitor and the 

d-orbit of the N-80, which increases the adsorption of the inhibitor molecules onto the iron 

surface to form a protective layer [37]. The HOMO and LUMO outcomes indicate that the 

electronic distribution density on the negatively charged oxygen and nitrogen atoms are the 

most favored locations for the inhibitor’s adsorption through donor-acceptor bonds between 

the inhibitor and iron surface, respectively, as shown in Figure 8 [49]. Soft molecules possess 

a small value of ∆Egap, and vice versa. Hard molecules are less reactive than soft molecules 

due to the large gap between the last occupied orbital and the first virtual orbit. The value of 

∆Egap is 3.62 eV, therefore the SDD molecules are soft and the occupied orbit will be low 

and more reactive with the iron surface due to the small gap. Furthermore, the band gap 

represents the stability of the SSD structure. The fraction of electrons refers to the transfer 

of electrons from the inhibitor to the metal if ∆N > 0, while if ∆N < 0, the electrons are 

transferred from the metal to the inhibitor. Inhibition efficiency increases as the electron 

transfer to the metal surface increases [52–54]. The value of ∆N is 0.76 eV and is larger than 

zero, therefore electrons are transferred from the SDD molecule to the N-80 surface, which 

enhances inhibition due to better electron exchangeability (Table 3) [48]. The hardness refers 

to the potential chemical change over the total number of atoms and its increase enhances 

the molecules’ stability, while softness is a measure of the electron cloud polarization [49]. 

The hardness and softness are 1.81 eV and 0.55 eV, respectively. Hence, there will be 

polarization for nitrogen and oxygen electrons of the inhibitor on the surface of N-80. The 

ionization energy is the energy required to remove an electron of an inhibitor molecule at 

6.05 eV, while the electron affinity is 2.43 eV [52]. 
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Figure 8. HOMO and LUMO orbitals of the Gemini surfactant. 

Table 3. Electronic characteristics of the Gemini surfactant. 

Quantum chemical parameter Values 

HOMO –6.05 eV 

LUMO –2.43 eV 

Energy gap (∆Egap) 3.62 eV 

∆EBack-donation  –0.452 

Number of transferred electrons ∆N 0.76 

Electronegativity (ꭓ) 4.24 eV 

Softness (s) 0.55 eV 

Hardness (η) 1.81 eV 

Ionization energy (IE) 6.05 eV 

Electron affinity (EA) 2.43 eV 

Chemical potential (ρ) –4.24 eV 

4.2. Mulliken charge population  

Almost all studies refer to the close relationship between the inhibition efficiency and 

Mulliken charge distribution of molecules. Previous studies showed that atoms bearing 

negative charges will donate electrons easily to the LUMO orbital of the metal atoms 

[55, 56]. Furthermore, the reaction of the atom site increases with an increase in the negative 

charge. Consequently, the atoms that have a pronounced negative charge in the Gemini 

surfactant will act as the active sites through which the inhibitor adsorbs onto the metallic 

surface of Fe. Indeed, the results obtained conclusively showed that the negative charges in 

red color concentrated on the N121, N122, and O123 atoms are the active sites (electrophilic 

attack) in the Gemini surfactant, as shown in the electrostatic potential surface (EPS), 

Figure 9. Where the deeper the color, the larger the degree to which electrons are accepted 

or donated. The bold values in Table 4 indicate the positive and negative charges of the main 

atoms that belong to the active regions which assist in the corrosion inhibition via absorption 

[55, 57]. The Mulliken charges were determined for the three most positive and three most 
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negative atoms in the Gemini surfactant. Clearly, N121, N122, and O123 are the most negative 

with values of −0.002, −0.013, and −0.026, respectively. In contrast, the most positive 

atoms are C22, H55, and Na132 corresponding to +0.153, +0.228, and +0.217, respectively. 

These results provided direct insights into electrophilic and nucleophilic sites. The oxygen 

and nitrogen heteroatoms are the electron-rich sites that can readily provide electrons needed 

to form a coordination bond. The positive charges were all identified on carbon atoms and 

sodium which are good sites for electrophilic reactions [58]. Generally, effective inhibitors 

contain O and N atoms. 

 

Figure 9. The electrostatic potential surface (EPS) of the Gemini surfactant. The red region 

shows an increase of electrons, while the blue area exhibits a lack of electrons. 

Table 4. Mulliken atomic charges of the Gemini surfactant. 

Atoms Charge Atoms Charge Atoms Charge Atoms Charge Atoms Charge 

C1 0.078 C31 0.027 H61 0.027 H91 0.027 N121 −0.002 

C2 −0.003 C32 0.027 H62 0.027 H92 0.027 N122 −0.013 

C3 0 C33 0.027 H63 0.027 H93 0.027 O123 −0.026 

C4 −0.009 C34 0.027 H64 0.027 H94 0.027 O124 0.027 

C5 −0.002 C35 0.027 H65 0.027 H95 0.027 O125 0.027 

C6 −0.007 C36 0.027 H66 0.027 H96 0.027 O126 0.027 

C7 −0.008 C37 0.027 H67 0.027 H97 0.027 O127 0.027 

C8 0.027 C38 0.027 H68 0.027 H98 0.027 O128 0.027 

C9 0.027 C39 0.027 H69 0.027 H99 0.027 O129 0.027 

C10 0.027 C40 0.027 H70 0.027 H100 0.027 O130 0.027 

C11 0.027 C41 0.027 H71 0.027 H101 0.027 Na131 0.016 

C12 0.027 C42 0.027 H72 0.027 H102 0.027 Na132 +0.217 

C13 0.027 H43 0.027 H73 0.027 H103 0.027   

C14 0.027 H44 0.027 H74 0.027 H104 0.027   

C15 0.027 H45 0.027 H75 0.027 H105 0.027   
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Atoms Charge Atoms Charge Atoms Charge Atoms Charge Atoms Charge 

C16 0.027 H46 0.027 H76 0.027 H106 0.027   

C17 0.027 H47 0.027 H77 0.027 H107 0.027   

C18 0.027 H48 0.027 H78 0.027 H108 0.027   

C19 0.027 H49 0.027 H79 0.027 H109 0.027   

C20 0.027 H50 0.027 H80 0.027 H110 0.027   

C21 0.027 H51 0.027 H81 0.027 H111 0.027   

C22 +0.153 H52 0.027 H82 0.027 H112 0.027   

C23 0.027 H53 0.027 H83 0.027 H113 0.027   

C24 0.027 H54 0.027 H84 0.027 H114 0.027   

C25 0.027 H55 +0.228 H85 0.027 H115 0.027   

C26 0.027 H56 0.027 H86 0.027 H116 0.027   

C27 0.027 H57 0.027 H87 0.027 H117 0.027   

C28 0.027 H58 0.027 H88 0.027 H118 0.027   

C29 0.027 H59 0.027 H89 0.027 H119 0.027   

C30 0.027 H60 0.027 H90 0.027 H120 0.027   

4.3. Fermi level and partial density of states  

The density of states DOS is based on the distribution of the molecular orbital energy levels. 

The results refer to the relative heights of the curves in different energy regions of SDD, 

implying that most molecular orbitals in the system have high energy. The electron transfer 

process strongly affects the molecules’ adsorption of the Gemini surfactant on the iron 

surface. Figure 10 shows the partial density of states (PDOS) of the active positions in the 

inhibitor molecules. The adsorption of inhibitor molecules through the active groups in the 

Gemini surfactant was analyzed, and the DOS peaks of the s and p orbitals of the inhibitor 

shifted to lower energy. The s and p orbitals’ peak positions in SDD were slightly changed. 

This refers to the adsorption of inhibitor molecules on carbon steel surfaces to enhance the 

inhibition. According to the results for the SDD, the ELUMO and the EHOMO are close to the 

Fermi level of Fe and are −0.0668 eV and −0.1985 eV, respectively. Under this situation 

and according to the results mentioned earlier, more electrons are likely to transfer from the 

HOMO orbital of the SDD molecule to the Fe surface, however, more electrons are likely to 

transfer from the Fe surface to the LUMO orbital of the SDD molecule. Therefore, the SDD 

molecules will accept and donate electrons, so the bonding intensity of the Gemini surfactant 

molecules with the Fe surface increases. This is beneficial to the displacement of water away 

from the Fe surface and also helpful for decreasing the number of water molecules in the 

compact layer [59, 60]. Hence, the charge-transfer resistance will increase, which agrees 

with the results of the EIS technique which reached 301.00 Ω·cm2, and also the corrosion 
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rate will decrease significantly. Thus the SDD inhibitor shows an excellent inhibition 

[59, 60]. After the comprehensive analysis of the electronic properties of the SDD, it was 

noted that the bands did not surpass the Fermi level. However, the minimum conduction 

band and the maximal valence band did not overlap, therefore metallic features appeared in 

the SDD inhibitor. This conduct is seen in Figure 10 [61], demonstrating its strong metallic 

inhibition characteristics. 

 
Figure 10. Fermi levels set at 0 eV and represented by vertical and horizontal dashed black 

lines. 

4.4. Monte Carlo simulation (MCs) 

The MCs method is considered very helpful in interpreting the adsorption process and the 

most stable adsorption sites over metal surfaces with low energy [53]. Figure 11 shows the 

electron transfer behavior, with adsorption configuration and difference in electron density 

of SDD atoms when adsorbed on Fe(001) surface. It is seen that the optimized structure of 

SDD molecules vertically adsorbs on the Fe(001) surface via oxygen and nitrogen 

heteroatoms at different distances from the N-80 surface, while the hydrophobic alkyl chain 

is away from the Fe(001) surface at different angles as shown in Figure 11. These results 

indicate that the adsorbed atoms are same sites of electrophilic attack shown in each of the 

Mulliken charges and electrostatic potential surface EPS [60, 62, 63]. 
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Figure 11. The adsorption of SDD by heteroatoms at different distances and angles from the 

Fe(001) surface monolayer. 

5. Conclusions 

The study conclusions are that the theoretical results corroborated the experimental results 

on the corrosion inhibition of N-80. The optimum efficiency is 91.37% and 89.40% at 

50 mg/L of SDD according to the PPC and EIS techniques, respectively. In the Fermi level, 

the DOS peaks of the s and p orbitals of the SDD shift to lower energy. The PPC results 

revealed that the SDD is a mixed-type inhibitor. The choice of corrosion inhibitors is based 

on the active groups in the chemical structure, type of adsorption, cost, and environmental 

effect. The Gemini surfactant molecules have multiple applications such as treatment of 

water in crude oil and reduction of corrosion. The MCs method confirmed that SDD 

molecules adsorb vertically on the Fe(001) surface via the oxygen and nitrogen atoms, in 

contrast, the hydrophobic alkyl chain is away from the Fe(001) surface at different angles. 

The Mulliken charge showed that the negative charges concentrated on N121, N122, and O123 

atoms, which are considered more active sites to donate electrons in the SDD inhibitor. The 

Cdl value decreases significantly with the addition of the SDD inhibitor, indicating that the 

thickness of the adsorbed film on the N-80 surface depends on the concentration of the 

inhibitor. EIS curves exhibited regular capacitive loops, and corrosion of N-80 steel was 

controlled via increasing the SDD concentration, which increased the charge transfer 

resistance. SEM showed a smoother microscopic image of the N-80 surface in the presence 

of the inhibitor, which decreased the surface corrosion remarkably. Metallic compounds 

have a high inhibition characteristic. Soft molecules are better than hard molecules in the 

inhibition.  
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