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Abstract 

Some novel green surfactants based on cottonseed oil were synthesized and tested as 

inhibitors for the corrosion of mild steel in CO2-saturated 1% NaCl solution by 

potentiodynamic polarization and linear polarization resistance corrosion rate 

measurements at 50°C. Their critical micelle concentrations at equilibrium in water at 

25°C were also determined. Inhibition efficiency increased with increase in the 

concentration of the studied surfactants, reached the maximum (99.34%) at 100 ppm. The 

Tafel polarization results indicate that the inhibitors act as mixed inhibitors. The adsorption 

of the inhibitors on the steel surface obeys Langmuir isotherms. The thermodynamic 

parameters of adsorption revealed a strong interaction between the inhibitors and the 

corroding mild steel surface.  
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1. Introduction  

The carbon dioxide corrosion of mild steel represents a significant problem for both the oil 

and gas industries [1–5]. Although high cost corrosion resistance alloys were developed to 

be able to resist the CO2 corrosion, mild steel is still the most cost effective material used 

in CO2 corrosion [4]. The problems of CO2 corrosion of mild steel were firstly recognized 

in the 1940’s and have been investigated for over 60 years [5]. However, until now the 

research work in the literature is still confusing and sometime contradictory [5]. Therefore, 

it is very important to improve the prediction and control of the CO2 corrosion of mild 

steel. 
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  The use of inhibitors is one of the most practical methods for protection against 

corrosion [6–10]. To be effective, an inhibitor must also transfer water from the metal 

surface, interact with anodic or cathodic reaction sites to retard the oxidation and reduction 

corrosion reaction, and prevent transportation of water and corrosion-active species on the 

metal surface. Surfactants, when used as inhibitors, act through a process of surface 

adsorption. Adsorption of surfactant on solid surfaces can modify the surface charge, and 

also the hydrophobic and other key properties of the solid surface that influence interfacial 

processes. In general adsorption is governed by different types of forces, such as covalent 

bonding, electrostatic attraction, hydrogen bonding, etc. [11]. Several studies suggested 

that most organic surfactant inhibitors are adsorbed on the metal surface by displacing 

water molecules from the surface and forming a compact barrier film [12]. The ability of a 

surfactant molecule to adsorb is generally directly related to its ability to aggregate and to 

form micelles. 

In the present work, we describe the synthesis of novel green surfactants inhibitors 

based on cotton seed oil. Corrosion inhibition of mild steel in CO2-saturated 1% NaCl 

solution in the presence of the investigated surfactants has been studied by using the linear 

polarization resistance corrosion rate and potentiodynamic polarization measurements, and 

possible adsorption mechanism of the surfactants on metal surface in the corrosive medium 

is also described. 

2. Experimental procedure 

2.1. Synthesis of Surfactants  

The studied surfactants were synthesized in our laboratory based on cottonseed oil. 

Cottonseed oil was reacted with monoethanolamine for 15 hours at 150–160°C. These 

processes produce fatty acid monoethanolamine amide. Based on the last prepared 

compound sulfating syntheses were performed. The product is sulfated fatty acid 

monoethanolamine amide. Five types from surfactants were synthesized in high purity by 

the following composition: [R–CH–(OSO3M)–CONH–CH2–CH2–OH] (where M = Na, 

K, NH4, –NH–CH2–CH2–OH and –N–(CH2–CH2–OH)2). List of the synthesized 

surfactants are shown in Table 1. The chemical structure of the synthesized surfactants was 

characterized by using FT-IR, Spectrum BX spectrometer using KBr disks.  

2.2. Chemical composition of mild steel alloy 

Electrodes are made of mild steel grade 080A15 and have an area of 4.55 cm
2
. The 

mechanical properties of the mild steel measured at room temperature were provided by 

supplier shown as follows: tensile strength equal to 490 MPa and elongation to failure 

equal to 16%. The Chemical composition of mild steel used in this study was given in 

Table 2. The data was provided by European Corrosion Supplies Ltd. 
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2.3. Preparation of solutions 

The aggressive solution, 1% NaCl, was prepared by dissolving of analytical grade NaCl in 

distilled water. The concentration range of the prepared surfactants was from 25 to 

100 ppm used for corrosion measurements.  

Table 1. List of the synthesized surfactants including code number, name and structure. 

Code number 

of the inhibitor 
Name and abbreviation Structure 

Molecular 

weight (g /mol) 

SI 

Sodium salt of sulfated fatty 

acid monoethanolamine amide 

(SSFM) 

CH-(CH2)7-C-NH-CH2-CH2-OH

O S

R-(CH2)8-

O

ONa

O

O
- +

 

401 

SII 

Potassium salt of sulfated fatty 

acid monoethanolamine amide 

(PSFM) 

CH-(CH2)7-C-NH-CH2-CH2-OH

O S

R-(CH2)8-

O

OK

O

O
- +

 

417 

SIII 

Ammonium salt of sulfated fatty 

acid monoethanolamine amide 

(ASFM) 

CH-(CH2)7-C-NH-CH2-CH2-OH

O S

R-(CH2)8-

O

ONH4

O

O
- +

 

395 

SIV 

Sulfated fatty acid 

monoethanolamine amide - 

monoethanolamine complex 

(MCFM) 

CH-(CH2)7-C-NH-CH2-CH2-OH

O S

R-(CH2)8-

O

ONH2-CH2-CH2-OH

O

O
- +

 

427 

SV 

Sulfated fatty acid 

monoethanolamine amide - 

diethanolamine Complex 
(DCFM) 

CH-(CH2)7-C-NH-CH2-CH2-OH

O S

R-(CH2)8-

O

ONH-(CH2-CH2-OH)2

O

O
- +

 

476 

Table 2. Chemical composition of mild steel alloy.  

Element Si Ni  Cr C S P Mn Fe 

Content, (wt. %) 0.24 0.01 0.10 0.18 0.05 0.05 0.50 Balance 

2.4. Corrosion measurements  

The measurements were performed on the rotating cylinder electrode. This electrode was 

used for one time. The reference electrode was Ag/AgCl electrode to which all potentials 

are referred. 
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Before beginning the experiment, the prepared 1% sodium chloride solution was 

stirred by a magnetic stirrer for 60 min in 1000 ml cell. Then this cell was thermostated at a 

temperature 50°C for 1 hour under a pressure of 0.9 bars. The solution was saturated with 

carbon dioxide. To remove any surface contamination and air formed oxide, the working 

electrode was kept at −1500 mV (Ag/AgCl) for 5 min in the tested solution, disconnected 

shaken free of adsorbed hydrogen bubbles and then cathodic and anodic polarization was 

recorded. ACM Gill AC instrument connected with a personal computer was used for the 

measurements.  

2.4.1. Potentiodynamic polarization measurements  

The extrapolation of cathodic and anodic Tafel lines was carried out in a potential range 

±150 mV with respect to corrosion potential (Ecorr) at scan rate of 1 mV/s. 

 2.4.2. Linear polarization resistance corrosion rate  

LPR corrosion rate bubble-test method involves evaluating the corrosion of a given metal 

in simulated brine saturated with CO2 at a temperature equivalent to that in the field. The 

prepared of 1% NaCl was stirred by a magnetic stirrer for 60 min in 4000 ml. The prepared 

solution poured into the 4 glass beakers (1000 ml for each one). Then these beakers were 

placed on a heater at 50°C for 1 hour under a pressure of 0.9 bars of CO2. The solution was 

saturated with carbon dioxide. After that, the electrodes were placed in the medium and are 

connected through a potentiometer ACM GILL AC. The surface of working electrode is 

cleaned by acetone before using, these electrodes are using for one time. After 1 hour, 

except for 1 beaker, the remaining 3 is fed with the suitable amount of inhibitor and 

continued supply of CO2 under pressure of 0.9 bar until the end of the experiment.  

The potential of the working electrode was varied by a CoreRunning programme 

(Version 5.1.3.) through an ACM instrument Gill AC. The CoreRunning programme 

converts a corrosion current in mA/cm
2
 to a corrosion rate in mm/year. A cylindrical mild 

steel rod of the composition 080A15 GRADE STEEL was used as a working electrode. 

Gill AC technology allows measure DC and AC signals using standard Sequencer 

software. A small sweep from typically –10 mV to +10 mV at 10 mV/min around the rest 

potential is performed.  

2.5. Surface tension measurements  

It is of interest to study the micellar properties of solutions of these compounds in order to 

correlate their surface active properties with critical micelle concentration (CMC). The 

surface tensions were determined by DuNouy Tensiometer, Kruss Type 8451 and the 

temperature was maintained precisely at 25°C.  

3. Results and Discussions  

3.1. Chemical structure of the synthesized surfactants  

The structural characteristic of fatty acid monoethanolamine amide before and after 

sulfating processes was confirmed by FT-IR spectroscopy in the range 4000–500 cm
−1
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(Figure 1). The peak at about 1740 cm
−1

 is due to the –NH–C=O carbonyl group, whereas 

the peak at 1462 cm
−1 

arises due to C=C bond. This bond was broken after sulfating 

process. The peak at 1377 cm
−1

 is due to S–O stretching absorption bands. FTIR spectrum 

showed that, the presence of –OH group after sulfating process. It indicates the almost 

complete removal of C=C bond by sulfating process and the process occur only on C=C. 

 

Figure 1. FTIR spectrum of (a) fatty acid monoethanolamine amide derived from cottonseed 

oil, (b) fatty acid diethanolamine amide after sulfating process. 
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The FT-IR for compound V showed an absorption band in the 2325 cm
-1

 region, 

indicating that formation ammonium ion (–
+
NH2) occurs. In addition, there was a strong 

band at 890 cm
–1

, indicating the presence of multiple (CH2) groups. The very strong band 

in the 2850 region was due mainly to the methyl asymmetric stretching vibration. The 

sharp band at 2925 cm
–1

 was observed for the investigated compounds due to the stretching 

vibration of the symmetric methylene group. The FT-IR absorption spectra confirmed the 

disappearance of –OH band of –SO2–OH (broad band), this confirmed the transfer of 

proton of acid to nitrogen atom of amine to form –
+
NH2 group. The results are generally in 

agreement with the expected correlations. 

3.2. Potentiodynamic polarization measurements  

Figure 2 shows the influence of inhibitors SI and SII concentrations on the Tafel cathodic 

and anodic polarization characteristics of mild steel in CO2-saturted brine at a scan rate of 

1 mV/s and at 50°C. Corrosion parameters were calculated on the basis of cathodic and 

anodic potential versus current density characteristics in the Tafel potential region [13, 14]. 

The values of the corrosion current density (Icorr) for the investigated metal without and 

with the inhibitor respectively were determined. It can be seen that the presence of 

surfactants molecule results a marked shift in both cathodic and anodic branches of the 

polarization curves towards lower current densities. This means that, the inhibitors affect 

both cathodic and anodic reactions. It was found that, both anodic and cathodic reactions of 

mild steel electrode corrosion were inhibited with increasing concentration of synthesized 

inhibitors. These results suggest that not only the addition of synthesized surfactants 

reduce anodic dissolution but also retard the hydrogen evolution reaction. The results 

showed that the inhibiting action of these inhibitors on the both cathodic and anodic 

processes seems to approximately be equal. The inhibitor may decrease the corrosion 

through the reduction of mild steel reactivity. Accordingly to this mechanism, a reduction 

of either the anodic or the cathodic reaction or both arises from the adsorption of the 

inhibitor on the corresponding active sites [15]. 

Steady state of open circuit corrosion potential (Ecorr) for the investigated mild steel 

electrode in the presence and absence of the studied inhibitors was attained after 60–70 min 

from the moment of immersion. Corrosion current density (Icorr) of the investigated 

electrodes was determined, by extrapolation of cathodic and anodic Tafel lines to corrosion 

potential (Ecorr). The inhibition efficiency expressed as percent inhibition (η%) is defined as:  

 % 100uninh inh

uninh

I I

I



   (1) 

where Iuninh and Iinh are the uninhibited and inhibited corrosion currents. The inhibited 

corrosion currents are those determined in the presence of the studied surfactants used in 

this investigation. The uninhibited corrosion currents were determined in pure (inhibitor 

free) CO2-saturated 1% NaCl solution at the same temperature. 
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Figure 2.  Polarization curves for the mild steel in CO2-saturated 1% NaCl solution in absence 

and presence of different concentrations of surfactants SI (a) and SII (b) at 50 ºC. 
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The electrochemical parameters Ecorr, Icorr, inhibition efficiency (η%), anodic and 

cathodic Tafel slopes (βa, βc) obtained from the polarization measurements were listed in 

Table 3. The data exhibited that, the corrosion current density (Icorr) decreases, and the 

inhibition efficiency (η%) increases as the inhibitor concentrations is increased. These 

results suggest that retardation of the electrodes processes occurs, at both cathodic and 

anodic sites, as a result of coverage of these sites by surfactants molecules. However, the 

maximum decrease in Icorr (0.013 mA cm
–2

) was observed for (SI). This could be attributed 

to the increase of the number of actives sites [16, 17]. The increase of inhibitor efficiency 

with increasing the concentration can be interpreted on the basis of the adsorption amount 

and the coverage of surfactants molecules, increases with increasing concentration [18]. 

The Ecorr values of all synthesized inhibitors were shifted slightly toward both cathodic and 

anodic directions and did not show any definite trend in CO2-saturated brine. This may be 

contributed to the mixed-type behavior of the studied inhibitors. It can be observed, the 

shift in Ecorr that is characteristic of anodic and anodic/cathodic inhibitor [19]. It was 

explained that this shift in Ecorr is due to active sites blocking effect that occurs when an 

inhibitor is added [20]. In the case of CO2 corrosion the anodic and cathodic reactions are 

the oxidation of iron and the reduction of hydrogen, respectively [21]. If it is considered 

that the active sites on the metal surface are the same for both reactions before adding the 

inhibitor, it is logical the change in Ecorr when the inhibitor is present because its adsorption 

change those active sites and therefore the anodic and cathodic reaction rates [22].  

The fact that the slopes of the cathodic (βc) and anodic (βa) Tafel lines in Table 3 are 

approximately constant and independent of inhibitor concentration. These results indicate 

that this inhibitors act by simply blocking the available surface area. In other words, the 

inhibitor decreases the surface area for corrosion of the investigated metal, and only causes 

inactivation of a part of the surface with respect to corrosive medium [18]. On the other 

hand, the anodic Tafel slopes (βa) are also found to be greater than the respective cathodic 

Tafel slopes (βc). These observations are correlated with the fact that the anodic exchange-

current density values are less than those of the cathodic counter parts. It can be concluded 

that the overall kinetics of corrosion of mild steel alloy in CO2 saturated solution are under 

anodic control.  

The high θ value (see Table 3) near unity indicates almost a full coverage of the metal 

surface with adsorbed surfactant molecules. Conclusively, the inhibitor having θ near unity 

is considered as a good physical barrier shielding the corroding surface from corrosive 

medium and dumping the corrosion rate of mild steel significantly. The high inhibition 

efficiencies are attributed to the high surface coverage of the inhibitor molecules. Data in 

Table 3 shows that the inhibition efficiency increased with increasing the inhibitor 

concentrations. The inhibition efficiency of the investigated inhibitors was increased in the 

following order: SI > SII > SV > SIII > SIV.  
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Table 3. Corrosion parameters obtained from potentiodynamic polarization for mild steel in CO2 saturated 

1% NaCl solution in the absence and presence of various concentrations of the surfactants at 50°C. 

Inhibitor 

code 

Conc. of 

inhibitor 

(ppm) 

–Ecorr  

(mV vs. 

Ag/AgCl) 

Icorr 

(mA cm
–2

 ) 

βa 

(mVdec
–1

) 

–βc 

(mV dec
–1

) 
θ η,% 

Absence 0.0 577 0.393 45 110 –  –  

SI 

25 575 0.058 42 99 0.85 85.12 

50 579 0.037 35 100 0.90 90.52 

75 575 0.030 37 106 0.92 92.34 

100 573 0.013 39 104 0.96 96.44 

SII 

25 577 0.049 38 103 0.87 87.43 

50 578 0.029 38 98 0.92 92.39 

75 578 0.018 41 101 0.95 95.21 

100 577 0.014 37 107 0.96 96.25 

SIII 

25 577 0.111 38 104 0.71 71.67 

50 575 0.079 43 101 0.79 79.89 

75 578 0.066 38 100 0.82 82.98 

100 575 0.057 36 98 0.85 85.28 

SIV 

25 579 0.213 44 99 0.45 45.67 

50 580 0.180 41 106 0.54 54.05 

75 578 0.146 39 104 0.62 62.65 

100 574 0.116 36 103 0.70 70.34 

SV 

25 579 0.115 35 99 0.70 70.57 

50 577 0.076 37 96 0.80 80.48 

75 576 0.059 39 99 0.84 84.78 

100 573 0.047 41 97 0.87 87.96 

3.1. The linear polarization resistance (LPR) corrosion rate 

Figures 3a, b and c show that the change in corrosion rate (CR) with time for mild steel in 

CO2-saturated 1%NaCl solution containing different concentrations form inhibitors SI, SII 

and SV at 50°C. The inhibitor was added after 1 hour of exposure because at this time the 

corrosion potential got stable, allowing the measurement of the CR prior the injection of 

the inhibitor. The initial corrosion rate, without inhibitor, was measured to be between 3.45 

and 5.03 mm y
–1

. It can be observed from Figure 3 that the CR, in the absence of inhibitor, 

tends to increase with time. The increase in CR has been attributed to the galvanic effect 

between the ferrite phase and cementite (Fe3C) which is a part of the original steel in the 

non-oxidized state and accumulates on the surface after the preferential dissolution of 
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ferrite (α-Fe) into Fe
2+

 [23]. Fe3C is known to be less active than the ferrite phase. 

Therefore, there is a preferential dissolution of ferrite over cementite, working the former 

as the anode and latter as the cathode, favoring the hydrogen evolved reaction (HER) 

during the corrosion process [24]. 

 
Figure 3. Variation of the corrosion rate with time for mild steel in CO2-saturated brine 

containing different concentrations of inhibitors: SI (a), SII (b) and SV (c) at 50°C. 
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Corrosion parameters were calculated on the basis of LPR corrosion rate test. The 

inhibition efficiency (η%) and surface coverage (θ) were calculated according to the 

following equations [9]: 

 0

0

% 100iCR CR

CR



   (2) 

Surface coverage ( ) :  
0

1 iCR

CR
    (3) 

where CR0 is the corrosion rate without inhibitor and CRi is the corrosion rate when 

inhibitor is present. It can be seen that the presence of inhibitors results in a high decrease 

in the rate of corrosion. In the case of these surfactants, the corrosion rate decreases as the 

inhibitor concentration increases, getting maximum inhibition efficiency ranged between 

72.46 and 99.34% at 100 ppm after 20 hour of exposure. This trend may results from the 

fact that adsorption and surface coverage increase with the increase in concentration; thus 

the surface is effectively separated from the medium [25]. 

Table 4 shows the values of corrosion rates and the inhibition efficiencies in the 

presence of different concentrations of different inhibitors at 50°C. The data exhibited that, 

the corrosion rates and the inhibition are found to depend on the concentrations of the 

inhibitors. The corrosion rates (CR) are decreased, and the inhibition efficiencies (η%) and 

are increased with the increase of the surfactant concentrations. This indicates that the 

inhibitory action of the inhibitors against mild steel corrosion can be attributed to the 

adsorption of these molecules on the metal surface, limits the dissolution of mild steel, and 

the adsorption amounts of surfactants on mild steel increase with concentrations in the 

corrosive solutions.  

Figure 4 shows the variation of the corrosion rate with time for mild steel in CO2-

saturated 1% NaCl solution containing 100 ppm from different investigated surfactants at 

50 °C. This plot indicates that, the presence of all inhibitors decreases the rate of corrosion. 

However, the maximum decrease in the corrosion rate was observed for inhibitor (SI) and 

the inhibition efficiency of the investigated surfactants was increased in the following 

order: SI > SII > SV > SIII > SIV. There was an increase in the efficiency of corrosion 

inhibition with increasing concentration, Due to their containment of C=O, oxygen, 

nitrogen and sulfur groups these molecules contribute towards inhibition, and effectively 

protect the surface. Adsorption of these surface active molecules forms thin inhibitor films 

on the metal surface which in order relatively isolate the metal surface from the corrosive 

environment causing much reduced corrosion rates. Inhibition efficiency of these films 

depends on various factors including but not limited to corrosivity of the environment, 

concentration of the active inhibitor molecules, any synergetic effects with other molecules 

present in the environment and/or flow/shear effects.  
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Table 4: The corrosion parameters obtained from LPR corrosion rate measurements for mild steel 

electrode in CO2-saturated 1% solution of NaCl in the absence and presence of various concentrations of 

surfactants obtained based on cottonseed oil at 50°C. 

Inhibitor code 
Concentration, 

ppm 

 

Corrosion rate, 

mm/year 

 

Surface 

coverage, θ 

The inhibition 

 efficiency, η% 

Blank 0.0 5.037 –  –  

SI 
50 0.340 0.93 93.24 

100 0.033 0.99 99.34 

SII 
50 0.243 0.95 95.17 

100 0.043 0.99 99.14 

SIII 
50 0.892 0.82 82.29 

100 0.612 0.87 87.84 

SIV 
50 2.232 0.55 55.68 

100 1.387 0.72 72.46 

SV 
50 0.861 0.82 82.90 

100 0.473 0.90 90.60 

 

 

Figure 4. Variation of the corrosion rate with time for mild steel in CO2-saturated 

brine containing 100 ppm from different surfactants at 50°C. 
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The high inhibition efficiency obtained in CO2-saturated 1% NaCl solution in the 

presence of studied inhibitors can be attributed to the formation of a protective film of iron 

carbonate (FeCO3) as follows [26]:  

 CO2(g) ↔ CO2(aq) (4) 

 CO2(aq) + H2O ↔ H2CO3(aq) (5) 

 H2CO3(aq) ↔ H
+
 + 

3HCO  (6) 

 
3HCO ↔ H

+
 + 2

3CO   (7) 

The anodic dissolution for iron in carbonic acid solutions gives ferrous ions [26]. 

 Fe ↔ Fe
2+ 

+ 2e
–
 (8) 

According to these processes, a corrosion layer was formed on the steel surface. The 

properties of the formed layers and its effect on the corrosion rate are important factors to 

take into account when studying the corrosion of steels in CO2 environments. Ogundele 

and White suggested that iron carbonate, FeCO3, may be important in the formation of 

protective layers on steel surface [27]. The formation of iron carbonate can be explained by 

using the following Eq. [28]. 

 Fe
2+ 

+ 2

3CO → FeCO3 (9) 

3.4. Adsorption isotherm and thermodynamic parameters for the corrosion process 

Classical adsorption isotherms have been used extensively in the study of adsorption of 

organic surfactants onto mild steel electrode. It is widely acknowledged that they provide 

useful insights into the mechanism of corrosion inhibition [29]. Determination of the type 

of adsorption isotherm itself provides information on the adsorption process such as 

surface coverage, adsorption equilibrium constant and information on the interaction 

between the organic compound and electrode surface. 

The interaction between the inhibitors and electrode surface can be described by the 

adsorption isotherm. During corrosion inhibition of metals and alloys, the nature of the 

inhibitor on the corroding surface has been deduced in terms of adsorption characteristics 

of the inhibitor. Furthermore, the solvent (H2O) molecules could also be adsorbed at 

metal/solution interface. So the adsorption of surfactant molecules from aqueous solution 

can be regarded as a quasi-substitution process between the surfactant compounds in the 

aqueous phase [surfactant (sol.)] and water molecules at the electrode surface [H2O(ads)] 

[30]: 

 Surfactant (sol.) + nH2O(ads.)= Surfactant (ads.) + nH2O(sol.)        (10) 

where n is the size ratio, that is, the number of water molecules replaced by one organic 

inhibitor. Basic information on the interaction between the inhibitor and the electrode 

surface can be provided by the adsorption isotherm. In order to obtain the isotherm, the 

linear relation between the degree of surface coverage (θ) obtained from Tafel polarization 
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(θ  = η%/100) and inhibitor concentration (Ci) must be found. Attempts were made to fit 

the θ values to various isotherms including Langmuir, Temkin, Frumkin and Flory–

Huggins. By far the best fit was obtained with the Langmuir isotherm. The Langmuir 

isotherm is based on the assumption that all adsorption sites are equivalent and that particle 

binding occurs independently from nearby sites, whether occupied or not [31]. According 

to this isotherm, θ is related to C by: 

 
1inh

inh
ads

C
C

K
   (11) 

where Kads is the equilibrium constant of the inhibitor adsorption process and Cinh is the 

inhibitor concentration. 

Straight lines of Ci/θ versus Ci plots indicate that the adsorption of the inhibitor 

molecules on the electrode surface obeyed Langmuir adsorption model (Figure 5). The 

regression coefficients of the fitted curves are around unity (R
2
 > 0.9993). The inhibition 

tendency of the tested inhibitors is due to the adsorption of this molecule on the electrode 

surface [32]. However, the slopes of the Ci/θ versus Ci plots are close to unity which 

indicates the ideal simulating for Langmuir adsorption isotherm (Table 5). Kads values were 

calculated from the intercepts of the straight lines on the Ci/θ axis [33] and correlated to 

the standard free energy of adsorption ( o

adsG . ) using the following equation [34]: 

 
0

1
exp( )

55.5
ads

ads

G
K

RT


   (12) 

The value 55.5 in the above equation was the molar concentration of water in solution 

in mol/L [7]. The relatively high value of the adsorption equilibrium constant (Kads; 

Table 5) reflects the high adsorption ability of these inhibitors on the electrode surface 

[35]. It is also noted that, the high value of Kads for inhibitor SI indicates stronger 

adsorption on the mild steel surface than the other inhibitors. Large values of Kads imply 

more efficient adsorption hence better inhibition efficiency [36]. It is seen that the values 

of Kads was increased in the following order: SI > SII > SV > SIII > SIV. These data are in a 

good agreement with that obtained from potentiodynamic polarization and LPR corrosion 

rate measurements. 

Generally, values of 0
ads

G up to –20 kJ mol
–1

 are consistent with physisorption, while 

those around –40 kJ mol
–1

 or higher are associated with chemisorption as a result of the 

sharing or transfer of electrons from organic molecules to the metal surface to form a 

coordinate bond [37]. In the present study, The values of 0
ads

G  obtained for studied 

surfactant inhibitors on mild steel in CO2-saturated solution ranges between –36.31 and 

41.91  kJ mol
–1

, which are around –40 kJ mol
–1

 (Table 5). These results indicate that the 

adsorption mechanism of the investigated inhibitors on mild steel electrode is typical 

chemisorption at the studied temperature.  
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Figure 5. Langmuir adsorption isotherm (Ci/θ vs. Ci) fitting of the Tafel polarization data 

obtained for mild steel alloys in CO2-saturated solution containing various concentrations of 

surfactants at 50°C. 

Table 5. Thermodynamic parameters for the adsorption of the studied inhibitors on mild steel alloys in 

CO2-saturated 1% NaCl solution at 50°C. 

Inhibitor code Slope 
Regression 

coefficients, R
2
 

Kads, M
–1 
×10

4
 

0 adsG (kJ mol
–1

) 

SI 1.0009 0.9994 01.01 –41.91 

SII 1.003 0.9999 7.87 –41.04 

SIII 1.101 0.9998 4.00 –39.78 

SIV 1.160 0.9993 0.41 –36.31 

SV 1.050 0.9999 5.125 –39.83 
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3.5. Surface activity 

It is well known that surfactants are characterized by critical micelle concentration (CMC). 

The CMC is the concentration where surfactants in solution change their initial molecular 

solvated state [6]. At this concentration, physical and chemical properties exhibit an abrupt 

variation. The surface tension vs. −log concentration profiles of the surfactant SI (as 

example) showed two characteristic regions (Figure 6). The first at low concentrations and 

characterized by continuous decrease of the surface tension values due to the adsorption of 

surfactant molecules at the interface. The second region locates at higher surfactant 

concentrations where the surface tension values are almost stable. The intercept of these 

two regions gave the critical micelle concentration, CMC values [7]. It can be seen that the 

critical micelle concentration of SI is 3.2×10
–3

 mol/l. It is known that highly dispersible, 

stable emulsion-like inhibitor solutions obtained at concentrations higher than CMC are 

more effective corrosion inhibitors than completely soluble inhibitor systems (below 

CMC). 

 

Figure 6. Surface tension versus concentration of inhibitor SI in aqueous solution at 25°C. 

4. Conclusion  

In the above results and discussion, the following conclusions are drawn:  

1. Green surfactants in the series of fatty acid amide were synthesized, and their surface 

activities were determined. 

2. The corrosion inhibition efficiencies of the synthesized surfactants were studied by 

potentiodynamic polarization and linear polarization resistance corrosion rate 

measurements at 50°C, and they gave similar results.  
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3. Test results show that the surfactants studied are efficient inhibitors for mild steel 

corrosion in CO2-saturated solution.  

4. The inhibition efficiencies increase with the increase of inhibitor concentrations, which 

reveals the inhibitive actions of these inhibitors are mainly due to the adsorption on the 

electrode surface.  

5. All surfactants showed predominantly mixed type behavior in CO2-saturated brine. 

6. The data obtained from the potentiodynamic polarization measurements for the studied 

inhibitors fit well into the Langmuir adsorption isotherm. The values of the free energy 

for the adsorption process indicate that chemisorption is involved in the adsorption of 

the studied fatty acid amide surfactants on the mild steel surface. 
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