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Graphical Abstract 

 

Novel gemini surfactants functionalised with oxygen atom and ester groups were synthesized and 

characterised by NMR methods. The corrosion inhibiting properties of the synthesized compounds 

were investigated by potentiodynamic polarization, linear polarization resistance (LPR) and 

electrochemical impedance spectroscopy (EIS). The results show that inhibition efficiency depends 

on concentration and the ability to create micelles in aqueous environment, with the highest 

inhibition efficiency being at around critical micelle concentration (CMC). Furthermore, their 

inhibition effect was compared against a well-known, commercially available, corrosion inhibitor 

(benzotriazole) and found to be better for the novel compounds under study in this work. Moreover, 

the Langmuir adsorption isotherm was found to be suitable for correlating the experimental results 

with the proposed mechanism of protection. Theoretical studies were based on Density Functional 

Theory (DFT) and correlation between experimental and theoretical results was determined. These 

results open perspectives for the application of these new compounds in corrosion protection 
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1. Introduction 

Carbon steel has found wide application in various fields including automotive, ship and space rocket 

industries [1]. Unfortunately, one of the main problems associated with the use of carbon steel is its low 

corrosion resistance under aggressive environments. One of the methods for protecting metals from 

corrosion consists of introduction of inhibitors into the environment, which even at low concentration can 

significantly reduce the rate of corrosion [2].  

Organic molecules with specific functional groups have been used as corrosion inhibitors because of their 

effectiveness at wide range of temperatures, compatibility with protected materials, good solubility and 

relatively low toxicity[3]. The mechanism of action of organic corrosion inhibitors is typically based on 

the adsorption on the surface to form protective film. The adsorption process is influenced by the 

chemical structure of organic inhibitors, nature and surface charge, the distribution of charge within the 

molecule and medium composition [2,4,5]. During the last few years interest around the use of surfactants 

as corrosion inhibitors has significantly increased [6–9]. However, the huge consumption of surfactants, 

exceeding ten million tons on a global scale, with forecasts reaching 25 million tons in 2020, poses a 

serious threat to the natural environment. Therefore, intensive research is being conducted to obtain new, 

more effective surfactants, which would significantly reduce the number of surfactants used so far, and 

their operation would be in line with the principles of sustainable development.  

Gemini surfactants are a class of surfactants consisting of two monomers of quaternary ammonium salts 

connected by a spacer [10,11]. Recent studies have focused on the study of such surfactants which, 

compared to the monomeric surfactants used so far, are better for the environment, less toxic, more 

thermally stable and have more favorable surface properties (e.g. surface tension) and antimicrobial 

activity[12]  

In this work, we describe the synthesis and characterization of two novel gemini surfactants with the aim 

of correlating structural differences between them with their ability to inhibit corrosion in carbon steel 

under neutral conditions. The corrosion inhibition studies were carried out by electrochemical impedance 

spectroscopy (EIS), linear polarization resistance (LPR) and potentiodynamic polarization, and compared 

with the well-known organic corrosion inhibitor 1H-benzotriazole (BTA) [13,14]. The results obtained 

were then used to estimate surface adsorption parameters and compared with findings from DFT 

calculations. 

2. Materials and methods 

2.1. Chemicals 
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Bis[2-(N,N-dimethylamino)ethyl] ether (97%) was supplied by SigmaAldrich. Chloroesters were 

obtained from alcohols: 1 – octanol (99%, SigmaAldrich) and 1 – decanol (98%, SigmaAldrich) 

with appropriate amount of chloroacetic acid (99%, SigmaAldrich) under acidic conditions. 

Diethyl ether were purchased from AlChem. All chemicals were used without further purification.  

2.2. Synthesis of cationic surfactants 

Two novel surfactants were prepared by reaction of different chloroesters with appropriate amount of 

bis[2-(N,N-dimethylamino)ethyl] ether with the molar ratio 2:1 (Figure 1.). 

The reactants were left under room temperature for 10 h without solvent. The products were 

crystallized from diethyl ether with addition of acetonitrile and then dried over P4O10. 

Figure 1. Synthesis of two new gemini surfactants. 

 

2.3. Characterization methods  

2.3.1. Spectroscopic and spectrometry characterization of gemini surfactants 

The Nuclear Magnetic Resonance (NMR) spectra were measured with a Varian Mercury 300 

MHz Spectrometer (Oxford, UK). The 
13

C and 
1
H chemical shifts were measured using CDCl3 as 

a solvent with internal standard of TMS (tetramethylsilane). 

2.3.2. Conductivity Measurement 

Conductivity measurements were carried out using a (CO 300, VWR, Poland) Conductivity Meter 

with a 2-pole measuring cell (Ø 12 mm, stainless steel). The instrument was calibrated using a 

standard (147 µS/cm in 25 °C). Double distilled water was used in all the experimental work, and 

its specific conductivity value was around 1–2x10
-6

 S/cm.  

2.3.3. Carbon steel 

Corrosion tests were done with DC01 mild steel sample, with a chemical composition of C% 

0.12, Mn% 0.6, P% max 0.045, S% 0.045 and balance in Fe. Each specimen surface was polished 

with emery paper from 600 up to 1000 grit. 

2.3.4. Electrolytes 
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The electrolyte 50 mM NaCl was prepared by dissolving appropriate amount of NaCl (Sigma 

Aldrich) in distilled water. Solutions with different concentrations of inhibitors were prepared 

from the stock solution of 50 mM NaCl.  

2.3.5. Electrochemical measurements  

Electrochemical tests were carried out using a conventional three electrode cell with a platinum 

counter electrode, a saturated calomel electrode (SCE) as a reference electrode and a working 

electrode of mild steel DC01 plate at room temperature. The cell was placed in the Faraday cage 

to avoid the interference of external magnetic field.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out using a 

potentiostat (Gamry FAS2 Femtostat with a PCI4 Controller). Impedance spectra were obtained 

over a frequency range of 100 kHz to 10 mHz with a 10 mV sine wave as the excitation signal at 

open circuit potential. Linear polarization resistance measurements (LPR) were obtained by 

changing the potential from −20 to +20 mV versus OCP. Separate anodic and cathodic 

polarization curves were obtained by scanning the electrode potential from (cathodic) OCP to 

−300 mV vs the OCP and (anodic) OCP to +300 mV vs OCP after 24 immersion in 50Mm NaCl 

with different concentraions of inhibitors, respectively. EIS data was fitted with equivalent 

circuits using Gamry Echem Analyst (Version 6.25). The equivalent circuits used were based on 

RC circuits, using constant phase elements instead of pure capacitances. The goodness of fittings 

was evaluated by 
2
 (lower than 5x10

-4
). 

2.3.6. Quantum calculations  

The structures were optimized and calculated with DFT at B3LYP/6-31 G (d,p) level of the theory 

using GAUSSIAN 09’  program [15–18]. The parameters of the investigated gemini surfactants 

were calculated, namely: energy of the molecule (E), energy of the highest occupied molecular 

orbital (EHOMO), energy of the lowest unoccupied molecular orbital (ELUMO), energy gap (ΔE), 

chemical hardness (η), softness (σ), ionization potential (IP), electron affinity (EA), 

electronegativity (χ), the fraction of electron transferred (ΔN) and dipole moment (µ) [19–24].  

 

3. Results and discussion 

3.1. Synthesis and spectroscopic characterization of gemini surfactants 

The chemical structure of the synthesized compounds was characterized by 
1
H NMR and 

13
C 

NMR and is described below (see supplementary materials). 

N2OE8 3-oxa-1,5-pentamethylene–bis(N-octyl-2-chloroacteate-N,N -dimethylammonium 

chloride) 
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1
H NMR (400 MHz, CDCl3): δ/ppm 0.88 (t, 6H), 1.20-1.33 (m, 24H), 1.65 (t, 4H), 2.08 – 2.21 

(m, 4H), 3.69 (s, 12H), 4.16 (t, 4H), 4.23-4.36 (m, 4H), 4.83 – 4.97 (m, 4H). 

13
C NMR (75 MHz, CDCl3) δ 165.04, 66.66, 64.61, 64.20, 62.05, 52.45, 31.84, 29.50, 29.44, 

29.25, 29.16, 28.25, 25.61, 22.63, 14.06. 

N2OE10 3-oxa-1,5-pentamethylene–bis(N-decyl-2-chloroacteate-N,N -dimethylammonium 

chloride) 

1
H NMR (400 MHz, CDCl3): δ/ppm 0.88 (t, 6H), 1.17-1.37 (m, 28H), 1.67 (t, 4H), 2.57-2.71 (m, 

4H), 3.69 (s, 12H), 4.16 (t, 4H), 4.28-4.36 (m, 4H), 4.92 – 5.00 (m, 4H). 

13
C NMR (75 MHz, CDCl3) δ/ppm 165.04, 66.61, 64.61, 64.11, 62.03, 52.41, 31.86, 29.61, 29.58, 

29.47, 29.31, 29.19, 28.26, 25.61, 22.64, 14.07. 

 

3.2. CMC determination 

The CMC of gemini surfactants depends on many factors such as alkyl chain length, number of 

quaternary ammonium atom, counterion, functionalization of spacer and hydrophobic chain 

[3,25–27]. In the present study, the influence of alkyl chain length on CMC point was the variable 

investigated. The CMC point was determined using a conductometric titration [25,28]. The plots 

of specific conductivity vs. concentration of the surfactant are presented in Figure 2. The CMC 

value was determined from the intersection of two slopes: pre and after micellization of 

surfactants [29,30]. It can be observed that an increase in alkyl chain length significantly decrease 

CMC value from 8.5mM to 1.7mM [26,31].  

Parameters related to micelles formation obtained from conductivity measurements are presented 

in Table 1.  

Counterion binding parameter (β) was calculated indirectly from degree of counter ion 

dissociation (α). α was calculated from plots of specific conductivity versus concentration (Figure 

2.). Pre- 

micellar slope (S1) and post micellar slope (S2) were used for the evaluation of the values as: α = 

S2/S1. And then translated as: β = 1- α [30].  
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Figure 2. Plot of specific conductivity (κ) versus concentration of N2OE8 (a) and N2OE10(b) in water solution at 25 

°C and pressure 0.1 MPa.  

The ratio of the slopes of the linear regions above and below the CMC provides an estimation of 

the counterion binding parameter, β (Figure 2.). The standard Gibbs energy of micellisation 

(ΔG°mic) gives information as to whether micelles formation is spontaneous and can be calculated 

using the following expression [32]: 

ΔG    = RT (
1

2
+β) lnCMC – (

RT

2
) ln2       (1) 

where β is the fraction of charges of micellised univalent surfactant ions neutralised by micelle–

bound univalent counterions, the CMC is expressed in mol/dm
3
, T is the temperature in Kelvin 

(K) and R is the gas constant.  

Table 1. Critical micelle concentration (CMC), counterion binding parameter (β) and Gibbs free energy of 

micellization (ΔG mic) of gemini surfactants obtained from conductivity measurements.   
 CMC [mM] β ΔG

°
mic [kJ/mol] 

N2OE8 8.50±0.1 0.10±0.01 -7.95 

N2OE10 1.72±0.08 0.29±0.04 -13.34 

 

3.3.  Polarization measurements 

Table 2 presents parameters obtained from Tafel extrapolation of the polarization curves for 

different concentrations of gemini surfactants, while Figure 3 depicts the cathodic and anodic 

curves for the most efficient concentrations. The addition of corrosion inhibitors in 50mM NaCl 

solution shifts the potential towards more noble values with respect to the reference. This is due to 

the adsorption of inhibitor molecules on the surface of mil steel and is further evidence that 

dimeric quaternary ammonium salts act as mixed inhibitors: they reduce anodic metal dissolution 

and retard the cathodic reactions as well [33]. 
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The corrosion current density (icorr) and inhibition efficiency (IE) were calculated as described 

below. The value of corrosion current density was determined indirectly by measuring the 

polarization resistance (RP) and then using the Stern – Geary equation [34]: 

         
     

                   
        (4) 

where βa, βc are the slope coefficients of the anodic and cathodic Tafel lines [mV dec
-1

], 

respectively, and RP is the polarization resistance obtained from LPR measurements [Ωcm
2
]. 

Then, the corrosion current density obtained can be used to estimate the corrosion inhibition 

efficiency using the following equation [35–37]: 

        
                

       
               (5) 

where i0 corr and icorr are the corrosion current density without and with surfactants inhibitors in 

solution, respectively.  

The results presented in Table 2 show that Ecorr values are displaced towards the anodic direction 

in the presence of surfactants, as qualitatively described above. However, both anodic and 

cathodic Tafel slopes change in the presence of these compounds, suggesting a mixed character of 

these inhibitors.  

 

Table 2. Electrochemical parameters obtained from polarization curves after 24 h immersion with and without 

inhibitors in 50mM NaCl medium at room temperature. 

 Concentration of 

surfactant/mM 
Ecorr/mV i

corr
/mA cm

-2
 βa / mV 

dec
-1

 

βc /mV 

dec
-1

 

Inhibition efficiency 

[%] 

50mM NaCl  -712±5 17.4±0.7 63 127 - 

N2OE8 

0.085 -658±3 8.5±0.2 157 61 51 

0.85 -656±5 7.3±0.2 103 54 58 

8.5 -614±8 3.6±0.1 66 86 79 

17 -655±4 8.4±0.1 88 66 51 

N2OE10 

0.017 -653±2 8.3±0.3 101 85 52 

0.17 -655±3 8.4±1.7 79 56 52 

1.7 -687±4 6.6±0.4 87 122 62 

3.4 -628±2 8.3±1.1 88 66 52 
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Figure 3. Polarization curves of carbon steel after 24h immersion in 50mM NaCl with and without inhibitor (for the 

most efficient concentrations) at room temperature. 

 

The best corrosion inhibiting performance is achieved for concentrations of surfactants 

corresponding to the CMC values determined earlier. Under these conditions, the corrosion 

current density decreases more than 4 times in the presence of N2OE8, whereas in the case of 

N2OE10 the decrease in current density is 2-3 times corresponding to an inhibition efficiency of 

79% and 62%, respectively.  

A further increase in the concentration does not increase the inhibition effectiveness of the 

corrosion processes. This is due to less effective adsorption of molecules on the metal surface. At 

higher concentration, the inhibitor molecule begins to interact more with one another than with 

the metal surface [38]. 

 

 

3.4.  Electrochemical impedance spectroscopy  

Figure 4 depicts EIS spectra obtained for the surfactants N2OE8, N2OE10 after 24h and 1 month 

of immersion. Their performance is compared against the reference (bare) substrate and a 10 mM 

BTA solution. After 24 h of immersion in NaCl, the reference specimen shows the lowest 

impedance values among the systems studied. In this case, two overlapped time constants 

occurring around 10 Hz are detected and can be ascribed to deposits of corrosion products and 

ongoing corrosion processes at the surface. In the presence of BTA, the low frequency impedance 

magnitude values are larger than the reference. In this case, the detected time constant is found at 

~1 Hz. Although not well visible, a second time constant at higher frequencies, overlapped with 

the former, seems to be present around 10 Hz and may be due to the adsorption layer of BTA 

together with corrosion products. The best performing systems are those in the presence of the 

gemini surfactants, with |Z|0.01Hz for N2OE8 and N2OE10 more than twice larger than |Z| for the 

reference system. In these cases, one time constant is detected at ca. ~1 Hz, related to the 

corrosion processes occurring at the metal surface, superposed with another intermediate time 

constant (10-100Hz) that may be related to deposits of surfactant.  ACCEPTED M
ANUSCRIP
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With increase of immersion time up to 1 month, the best performing systems are still the gemini 

surfactants, followed by BTA. Nevertheless, the |Z|0.01Hz follow opposite trends: for the N2OE10 

the impedance magnitude increased with the immersion time, while for N2OE8 there was a 

decrease in the impedance magnitude.  

Figure 4. EIS results of the DC01 in 50mM NaCl with corrosion inhibitors: BTA, N2OE8, N2OE10. 

Furthermore, analyzing the phase angle plot, BTA, N2OE8 and N2OE10 show well-defined two 

time constant processes, one around 10 Hz and another around 0.1 Hz. Again, the first can be due 

to buildup of adsorbing layer on the surface, whereas the latter can be ascribed to the corrosion 

processes occurring at the metal interface.  

Figure 5. Electrical equivalent circuits used to fit EIS presented in Figure 4. 

 

Table 3: Fitted parameters of the low frequency time-constant present in EIS spectra depicted in Figure 3, using the EC 

circuits presented in Figure 4. 

 Blank BTA N2OE8 N2OE10 
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1 day 
C/Fcm

-2
 2.00x10

-4
 1.18x10

-4
 2.30x10

-4
 2.98x10

-4
 

R/cm
2
 4.62x10

2
 1.48x10

3
 2.97x10

3
 2.36x10

3
 

      

1 month 
C/Fcm

-2
 2.19x10

-2
 1.86x10

-2
 4.82x10

-4
 1.33x10

-3
 

R/cm
2
 2.62x10

3
 7.43x10

3
 4.39x10

3
 4.16x10

3
 

Effective capacitance Ceff was estimated using the equation                   [39,40].  

 

All the experimental data was fitted using equivalent circuits described in Figure 5. Except for 

the reference system after one month (Figure 5a), all the others were fitted using a two-time 

constant RCPE circuit (Figure 5b). However, the assignment of time constants is not 

straightforward. Surface heterogeneity/roughness or even mass-controlled processes seem to 

already play some influence on the results of all the systems after 24h, since the effective 

capacitance values are in the order of 10
-4

 F cm
-2

, whereas the capacitance associated with the 

double layer is typically around 10
-5

 F cm
-2 

[41,42]  

 In the case of both reference and BTA systems, the effective capacitance estimated from CPE 

values after one month are two orders of magnitude larger than the capacitance estimated from 

CPE after 24h of immersion (10
-2

 F cm
-2

 vs. 10
-4

 F cm
-2

, respectively). This, together with a n 

value for the CPE around 0.5 and phase angles around 45º points towards diffusion-controlled 

processes.  

However, this trend was not found for the gemini surfactant systems (Table 3). In fact, the 

estimated effective capacitance increased in less extent for these systems (most notably for 

N2OE8), which may be related to the capacity of the adsorbed layer in controlling the degradation 

of the substrate. 

 

 

3.5. Adsorption isotherm  

The analysis of adsorption isotherms can provide information on how the surfactant molecules 

interact with the metal surface. The degree of surface coverage (Ɵ) for different concentration of 

inhibitors has been evaluated by using following equation [8,43,44]: 

 

  
   

   
           (7) 

 

where the IE% is the inhibition efficiency obtained from LPR.  

Assuming that the Langmuir adsorption isotherm applies, the graphs of C/θ vs. C were presented 

in Figure 6 allows the estimation of the constant of adsorption Kads [45].  
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The change in the Gibbs free energy (ΔGads) was determined with the following equation [46–48]  

 

ΔGads = – RTln (55.5Kads)         (8) 

 

where R is the gas constant, T is the temperature, the value 55.5 is the molar concentration of 

water, and Kads  equilibrium adsorption constant [49].  

 The ΔGads values provide information about the nature of the process. Negative values indicate 

that the process is spontaneous [50]. A negative value of ∆G demonstrates that the adsorption of 

surfactant on the steel surface is a spontaneous process and shows a strong interaction between 

surfactant molecules and steel surface.  

Table 4. Data obtained from Langmuir isotherm model for N2OE8 and N2OE10 for mild steel in 50mM NaCl 

 R
2
 Kads [dm

3
/mol] ΔGads [kJ/mol] 

N2OE8 0.99 1.92±0.51 -11.46±0.72 

N2OE10 0.96 8.01±1.03 -15.08±0.34 

 

 

 

Figure 6. Langmuir isotherm adsorption model of (a) N2OE8 and (b) N2OE10 for mild steel in 50mM NaCl.  

 

3.6. Quantum calculations 

The optimized structures of investigated compounds calculated by DFT at B3LYP/6-31 G (d,p) 

are presented in Table 5.  

 

 

Table 5. Optimised structure, HOMO and LUMO density presented based on DFT calculations calculated 

by B3LYP/6-31G(d). 
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DFT calculations provide information about theoretical ability to inhibit corrosion based on: total 

energy of the molecule (E), energy of the highest occupied orbital (EHOMO), energy of the lowest 

free orbital (ELUMO), energy gap (ΔE), hardness (η), softness (σ ), ionization potential (IP), 

electron affinity (EA), electronegativity (χ), electron transfer fraction (ΔN) and dipole moment (μ) 

and then associate it with the corrosion inhibiting ability [51–56]. Parameters obtained from 

quantum calculations were summarised in Table 6.  

 

 

 N2OE8 N2OE10 

O
p
ti

m
iz

ed
 s

tr
u

ct
u

re
 

  

H
O

M
O

 

  

L
U

M
O
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Table 6. Theoretical parameters for investigated compounds.  

Quantum chemical parameters N2OE8 N2OE10 

E [keV] -68.24 -75.51 

μ [Debye] 29.789 16.196 

EHOMO [eV] -0.11698 -0.16685 

ELUMO [eV] -0.06198 -0.04683 

ΔE [eV]
1
 0.055 0.120 

σ [eV
-1

 ]
2
 36.36 16.66 

η [eV]
3
 0.0275 0.06001 

IP [eV]
4
 0.11698 0.16685 

EA [eV]
5
 0.06198 0.04683 

χ [eV]
6
 0.14797 0.190265 

ΔN [eV] -124.582 -56.7383 

1
∆E = ELUMO - EHOMO,, 

2
σ = 1/η, 

3
Ƞ = - ½ (EHOMO – ELUMO), 

4
Ip = -EHOMO, 

5
EA = -ELUMO, 

6
χ = (IP + EA)/2 

 

The structure of each compound was optimised by functional density B3LYP and base 6-31G 

(d,p). N2OE8 and N2OE10 reached energy lower than zero, it indicates that structures are 

thermodynamically stable [57]. EHOMO is associated with the ability of the inhibitor molecule to 

donate free electron pairs. E LUMO is related to the ability to accept electrons from the metal. Both 

surfactants studied in this work show negative EHOMO values, meaning that the corrosion 

inhibition process should be based on physical adsorption [51].  

If the energy gap is relatively low it means that the molecule is much more reactive to adsorb into 

the metal surface. In principle N2OE8 should be a more efficient inhibitor than N2OE10, because 

the energy gap is much smaller [58]. 

The dipole moment (μ) is a factor that can also provide information about interaction between 

positively charged inhibitor molecule and negatively charged metal surface. If the value is higher, 

the stronger interactions between surface and molecules can be observed. The higher value 

possesses N2OE8, which indicate stronger adsorption [19,22].  

Chemical hardness (η) and softness (σ) provide information about the resistance of a molecule to 

transfer charge and about the capacity of a molecule to receive electrons. A higher σ value 

suggests greater tendency to donate electrons to the metal [24]. This parameter is significantly 

higher for N2OE8 when compared to N2OE10, which confirm the previous statements [20,54].  

A high value of electronegativity (χ) suggest strong ability to attract electrons from the metal, 

which leads to greater interaction and possibly high corrosion protection. The value of 

electronegativity in case of investigated compounds are similar. The last parameter which can be 
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calculated is the fraction of electron transferred (ΔN) which is useful in their ability to help 

predict chemical behavior [6,59]: 

ΔN = χFe – χinh / 2(ηFe – ηinh)         (9) 

where χFe equals 7eV and ηFe = 0. If ΔN > 0 the electrons are transferred from the molecule to 

the metal and if ΔN<0 from the metal to the molecule. For the tested gemini surfactants the  

values of the fraction of electron transferred are negative, indicating transfer from the metal to the 

molecules [19,52,60]. 

3.7. Discussion 

The mechanism by which gemini surfactants can impart corrosion inhibition has been presented 

earlier [61] and is schematically shown below. The functional group in surfactant molecules is 

attracted to surfaces of metals and metal oxides. The attraction to surfaces is enhanced by the 

hydrophobic tail of the molecule that is attracted to other hydrophobic segments of adjacent 

surfactant molecules on surfaces. Thus, there is a driving force for surfactant adsorption on metal 

and metal oxide surfaces that orients the surfactant with the hydrophilic group at the solid 

interface and the hydrophobic hydrocarbon chain directed out into the solution, thereby creating a 

hydrophobic surface (Figure 7). This driving force causes surfactant molecules to aggregate on 

surfaces.  

The main parameter which characterize a surfactant in aqueous solution is CMC (Critical Micelle 

Concentration) [29,31]. In low-concentration solutions, these compounds are present as single 

molecules. Increasing the concentration of surfactant leads to a gradual increase in its adsorption 

at the interface. When the surface of the interface is filled with molecules surfactant, then a 

further increase in the concentration of this compound increases its amount in the entire volume 

of the solution. Consistent increase in the amount of surfactant molecules leads to their 

organization into micelles.  

The electrochemical measurements carried out showed that the presence of gemini surfactants 

leads to a reduction in the corrosion rate estimated from LPR, with the best results obtained for 

concentrations near the CMC and with the compound N2OE8 exhibiting better performance than 

N2OE10. In addition, EIS measurements carried out for short and long immersion times 

demonstrated the positive effect imparted by these compounds in the protection of mild steel  

substrate, better than the protective action rendered by well-known BTA molecules.  

The adsorption of isotherm estimated from the inhibition efficiency is consistent with Langmuir 

isotherm, while the DFT calculations point towards N2OE8 as more appropriate molecule for 

adsorption than N2OE10, with the experimental electrochemical results supporting this 
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assumption and denoting that increase in the alkyl chain length results in lower corrosion 

protection. 

 

 

Figure 7. Correlation between CMC and adsorption in to the metal surface, mechanism of action gemini surfactant as 

corrosion inhibitor 

4. Conclusions  

Two new gemini surfactants were synthesized for the first time and their structure confirmed by 

NMR. Electrochemical studies performed for different concentrations showed that the highest 

corrosion inhibition efficiency is achieved at the CMC, which is consistent with the mechanism 

proposed for this type of compounds. Quite relevant is the higher corrosion protection achieved in 

the presence of both gemini surfactants when compared to commercially available corrosion 

inhibitor 1H-benzotriazole, even for long immersion times. The results obtained and the ranking 

of the gemini surfactants can be explained by differences in adsorption due to differences in the 

electronic properties of the molecules, as investigated by theoretical studies. Overall, these 

findings show that this class of molecules can play a role in corrosion protection of steel 

substrates used in different applications. 
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