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Abstract: The new group of surfactants was synthesized based on corn oil and monoethanolamine and their inhibiting 

action on the corrosion of mild steel in CO2-saturated solution was investigated by means of potentiodynamic polarization 

and linear polarization resistance corrosion rate. The results revealed that, the studied surfactants were an excellent 

inhibitors and the inhibition efficiencies obtained from potentiodynamic polarization and Linear polarization resistance 

corrosion rate were in good agreement. Potentiodynamic polarization studies clearly revealed that surfactants acted 

essentially as the mixed-type inhibitors. Thermodynamic and kinetic parameters were obtained from potentiodynamic 

polarization, which suggested that at 323 K, the adsorption of inhibitors on the metal surface obeyed Langmuir adsorption 

isotherm model 
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1. Introduction  

Carbon dioxide corrosion of mild steel is a major 

problem in the oil and gas industry, and it occurs at all 

stages of production from down hole to surface equipment 

and processing facilities [1]. Notably, the corrosion of mild 

steel in wet gas and multiphase pipelines is responsible for 

lost production and costly repairs. Aqueous carbon dioxide 

(carbonic acid) is corrosive and corrodes the carbon steel 

pipelines. Carbon dioxide corrosion has been of interest to 

researchers in oil industries for many years and there exists 

many theories about the mechanism of CO2 corrosion [2.3].  

The use of inhibitors is one of the most practical 

approaches for protecting metals against corrosion [4-8]. 

These compounds can be adsorbed on metal surfaces, block 

the active sites, and decrease the corrosion rate. The 

adsorption ability of inhibitors onto the metal surface 

depends on the nature and surface charge of metal,  

 

 

 

chemical composition of electrolytes, and molecular 

structure and electronic characteristics of inhibitor 

molecules. The inhibition of steel corrosion using different 

types of surfactants has been investigated by many workers 

[9–13]. 

The paper aims at investigation of the effectiveness of 

the new synthesized, environmental friendly surfactants on 

the corrosion rate of mild steel in CO2-saturated solution. 

2. Materials and Methods  

2.1. Chemical Composition of Mild Steel Alloy 

Electrodes are made of mild steel grade 080A15 and 

have an area of 4.55 cm
2
. The Chemical composition of 

mild steel used in this study was given in Table 1. The data 

was provided by European Corrosion Supplies Ltd. 
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Table 1. 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 

 

2.2. Synthesis of Surfactants  

Corn oil was reacted with monoethanolamine for 14 

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 2. The chemical structure of the synthesized 

surfactants was characterized by using FT-IR, Spectrum BX 

spectrometer using KBr disks.  

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. All 

inhibitors solutions were prepared using a mixture from 

distilled water and alcohol in a different ratio. 

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. 

Before beginning the experiment, the prepared 1% - of 

NaCl solution was stirred by a magnetic stirrer for 60 min 

in 1000 ml cell. Then this cell was thermostated at a 

temperature 50 º 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 ±100 mV with respect to 

corrosion potential (Ecorr) at scan rate of 1 mV/s. 

2.4.2. Linear Polarization Resistance Corrosion Rate 

The LPR method is ideal for plant monitoring offering an 

almost instantaneous indication of corrosion rate, allowing 

for quick evaluation of remedial action and minimizing 

unscheduled downtime. The prepared 1% - of the solution 

sodium chloride 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 º C for 1 hour under a 

pressure of 0.9 bars. 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. 

Table 2. List of the synthesized surfactants includes, code number, name and structure. 

Code number of the 

inhibitor 
Name and abbreviation Structure 

molecular 

weight (g /mol) 

I 
Sodium salt of sulfated fatty acid monoethanolamine 

amide (SS) 

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

O S

R-(CH2)8-

O

ONa

O

O
- +

 

397 

II 

Potassium salt of sulfated fatty acid monoethanolamine 

amide  

(PS) 

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

O S

R-(CH2)8-

O

OK

O

O
- +

 

413 
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Code number of the 

inhibitor 
Name and abbreviation Structure 

molecular 

weight (g /mol) 

III 

Ammonium salt of sulfated fatty acid monoethanolamine 

amide 

 (AS) 

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

O S

R-(CH2)8-

O

ONH4

O

O
- +

 

391 

IV 
Sulfated fatty acid monoethanolamine amide - 

monoethanolamine complex (MC) 

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

O S

R-(CH2)8-

O

ONH2-CH2-CH2-OH

O

O
- +

 

423 

V 
Sulfated fatty acid monoethanolamine amide - 

diethanolamine Complex (DC) 

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

O S

R-(CH2)8-

O

ONH-(CH2-CH2-OH)2

O

O
- +

 

472 

Table 3. Corrosion parameters obtained from Tafel polarization for mild steel in CO2-saturted solution in the absence and presence of different 

concentrations of the prepared surfactants at 50 °C. 

Inhibitors 

Code 

Conc. of 

inhibitor (ppm) 

-Ecorr (mV 

(Ag/AgCl)) 

Icorr 

(mAcm-2 ) 

βa 

(mVdec -1) 

-βc 

(mVdec -1) 
θ η% 

Absence 0.0 687 0.389 60 111 --- --- 

I 

25 688 0.03894 39 90 0.89 89.99 

50 699 0.01299 33 91 0.96 96.66 

75 689 0.0112 35 95 0.97 97.12 

100 680 0.00759 37 93 0.98 98.05 

II 

25 681 0.04423 36 93 0.88 88.63 

50 692 0.01299 36 89 0.96 96.66 

75 682 0.01155 38 92 0.97 97.03 

100 673 0.00856 35 96 0.97 97.80 

III 

25 684 0.04407 36 94 0.88 88.67 

50 695 0.0175 40 92 0.95 95.50 

75 685 0.01369 36 91 0.96 96.48 

100 676 0.00708 34 89 0.98 98.18 

IV 

25 685 0.12783 40 90 0.67 67.14 

50 696 0.0883 38 95 0.77 77.30 

75 686 0.07617 37 94 0.80 80.42 

100 677 0.06531 34 93 0.83 83.21 

V 

25 688 0.21294 33 90 0.45 45.26 

50 699 0.1724 35 87 0.55 55.68 

75 689 0.13008 37 90 0.66 66.56 

100 680 0.07247 38 88 0.81 81.37 

 

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. The peak at about 1750 cm
−1

 is duo 

to the –NH-C=O group, whereas the peak at 1451 cm
−1

 

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

sulfating process. The peak at 1385 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. 
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3.2. The Extrapolation of Cathodic and Anodic Tafel 

Lines 

Figure 1 shows the influence of inhibitor I concentrations 

on the Tafel cathodic and anodic polarization characteristics 

of mild steel in CO2-saturated solution at scan rate 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 [14, 15]. 

Steady state of open circuit corrosion potential (Ecorr) for 

the investigated electrode in the absence and presence of 

the studied inhibitor was attained after 45–60 min from the 

moment of immersion. Corrosion current density (Icorr) of 

the investigated electrodes was determined [16], by 

extrapolation of cathodic and anodic Tafel lines to 

corrosion potential (Ecorr). The inhibition efficiency 

expressed as percent inhibition (η%) is defined as:  

 

Fig 1. Tafel polarization curves for mild steel in CO2-saturated 1% NaCl 

solution containing different concentration of inhibitor I at 50 ºC. 

                     (1) 

Where Iuninh. and Iinh. are the uninhibited and inhibited corro

sion currents. The inhibited corrosion currents are those det

ermined in the presence of the studied surfactants used in th

is investigation. The uninhibited corrosion currents were de

termined in pure (inhibitor free) CO2-saturated 1% NaCl so

lution at the same temperature. It can be seen that the prese

nce of surfactants molecule results a marked shift in both ca

thodic and anodic branches of the polarization curves towar

ds lower current densities. This means that, the inhibitors af

fect both cathodic and anodic reactions. It was found that, b

oth anodic and cathodic reactions of mild steel electrode co

rrosion were inhibited with increasing concentration of synt

hesized inhibitors. These results suggest that not only the a

ddition of synthesized inhibitors reduce anodic dissolution 

but also retard the hydrogen evolution reaction. The electro

chemical parameters Ecorr, Icorr, inhibition efficiency (η%), a

nodic and cathodic Tafel slopes (βa , βc) obtained from the p

olarization measurements were listed in Table 3. The data e

xhibited that, the corrosion current density (Icorr) decreases, 

and the inhibition efficiency (η%) increases as the concentr

ation of inhibitors is increased. These results suggest that re

tardation of the electrodes processes occurs, at both cathodi

c and anodic sites, as a result of coverage of these sites by s

urfactants molecules. However, the maximum decrease in Ic

orr was observed for (I) and the inhibition efficiency of the i

nvestigated inhibitors was increased in the following order: 

I> III> II > IV >V at 100 ppm. The increase of inhibitor effi

ciency with increasing the concentration can be interpreted 

on the basis of the adsorption amount and the coverage of s

urfactants molecules, increases with increasing concentratio

n [17, 18]. The Ecorr values of all synthesized inhibitors wer

e shifted slightly toward both cathodic and anodic direction

s and did not show any definite trend in CO2-saturated brin

e. This may be considered due to the mixed-type behavior o

f the studied inhibitors. It can be observed that, the shift in 

Ecorr is characteristic of anodic and anodic/cathodic inhibito

r [19]. 

The change in βa and βc values as shown in Table 3 

indicates that adsorption of synthesized surfactants modify 

the mechanism of anodic dissolution as well as cathodic 

hydrogen evolution. 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 cathodic 

Tafel slopes (βc) are also found to be greater than the 

respective anodic Tafel slopes (βa). These observations are 

correlated with the fact that the cathodic exchange-current 

density values are less than those of the anodic counter 

parts. It can be concluded that the overall kinetics of 

corrosion of mild steel alloy in CO2 saturated solution are 

under cathodic control. 

3.3. LPR Corrosion Rate 

LPR test has been performed in brine saturated with CO2 

at 50 °C, in turbulence fluid stream during 20 hours. Figure 

2 shows that, the change in corrosion rate (CR) with time 

for mild steel in CO2-saturated 1%NaCl solution containing 

different concentrations form inhibitors I (A) , II (B) and V 

(C) 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 2 that, the CR, in the 

absence of inhibitors, 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 ferrite (α-Fe) into Fe
2+

 [20]. 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 [21]. 

Variation of the corrosion rate for inhibitors I, II and V at 

different concentrations are presented in Figure 2. 

Corrosion parameters were calculated on the basis of LPR 
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corrosion rate test. The inhibition efficiency (η %) and 

surface coverage (θ) were calculated according to the 

following equations: 

                        (2) 

             (3) 

where CRo 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 a high decrease in the 

rate of corrosion. In the case of these inhibitors, the 

corrosion rate decreases as the inhibitor concentration 

increases, getting maximum inhibition efficiency ranged 

between 82.19 and 99.17 % at 100 ppm after 20 hour of 

exposure (Table 4). 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. 

 

Figure 3. Variation of the Corrosion rate with time for carbon steel in 

CO2-saturated 1% NaCl solution containing 100 ppm of different 

inhibitors at 50 °C. 

Table 4 shows the calculated values of corrosion rates, 

the inhibition efficiencies and the surface coverage in the 

absence and presence of different concentrations of 

different inhibitors at 50 °C. The data exhibited that, the 

corrosion rates, the inhibition efficiencies and the surface 

coverage are found to depend on the concentrations of the 

inhibitors. The corrosion rate (CR) are decreased, and the 

inhibition efficiencies (η %) and the surface coverage (θ) 

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. The maximum 

decrease in the corrosion rate was observed for inhibitor (I) 

and the inhibition efficiency of the investigated surfactants 

was increased in the following order: I> III> II > IV >V 

(Fig.3). 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 protecting 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.  

 

Figure 2. Variation of the Corrosion rate with time for carbon steel in 

CO2-saturated 1 % NaCl solution containing different concentrations of 

inhibitors (a) I, (b) II and (c) V at 50 °C. 

The high inhibition efficiency obtained in CO2- saturated 

1% NaCl solution in the presence of studied complex 

surfactants can be attributed to the formation of a protective 

film of iron carbonate (FeCO3) in the metal surface [2]. 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 mild steels in CO2-saturated 

solutions. Ogundele and White suggested that, iron 

carbonate, FeCO3, may be important in the formation of 

protective layers on steel surface [22]. The formation of 

iron carbonate can be explained by using the following 



84 Abd El-Lateef et al.: Anti-Corrosion Ability of some Surfactants Based on Corn Oil and Monoethanolamine 

 

Eq.[4]. 

                       (4) 

By comparison between inhibition efficiency values (η%) 

which are calculated from both LPR corrosion rate and 

extrapolation of anodic and cathodic curves, we find that 

both have similar trend. In other words, the inhibition 

efficiency increases with increasing surfactant 

concentration, and the maximum inhibition efficiency 

values are obtained at 100 ppm in the case of all 

investigated surfactants.  

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 inhibitors obtained based on corn oil at 50 ° C. 

Inhibitors Concentration, ppm 
Corrosion rate 

(mm/year) 

Surface coverage 

θ 

The inhibition 

efficiency, η % 

Absence 0.0 5.037 ----- ----- 

I 
50 0.119 0.97 97.63 

100 0.048 0.99 99.04 

II 
50 0.119 0.97 97.63 

100 0.061 0.98 98.78 

III 
50 0.1780 0.96 96.46 

100 0.0414 0.99 99.17 

IV 
50 1.104 0.78 78.08 

100 0.803 0.84 84.05 

V 
50 2.204 0.56 56.24 

100 0.897 0.82 82.19 

 

3.4. Adsorption Isotherm Studies 

The degree of surface coverage (θ) for different inhibitor 

concentrations was evaluated from Potentiodynamic 

polarization measurements. The best correlation between 

the experimental results and isotherm functions was 

obtained at high inhibitor concentrations using the 

Langmuir adsorption isotherm. The Langmuir isotherm is 

given by the following equation [23]: 

                                 (5) 

where Kads is the equilibrium constant of the inhibitor 

adsorption process and Cinh is the surfactant concentration. 

The plots of Cinh/θ vs Cinh yielded straight lines with near 

unit slopes for all the surfactants showing that the 

adsorption model of these surfactants follows the Langmuir 

isotherm with good correlation (as shown in Fig. 4). 

The values of Kads obtained from the Langmuir 

adsorption isotherm are listed in Table 5, together with the 

values of the Gibbs free energy of adsorption (
o

adsG∆ ) 

calculated from [24] 

                                (6) 

           (7) 

Where R is the universal gas constant, T is the 

thermodynamic temperature and the value of 55.5 is the 

concentration of water in the solution. 

The high values of Kads for studied surfactants indicate 

stronger adsorption on the mild steel surface in CO2-

saturated solution [25]. The large value of Kads obtained for 

the studied surfactants agree with the high inhibition 

efficiency obtained. 

Generally, values of 
o

adsG∆  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 

[26]. In the present study, The values of 
o

adsG∆  obtained 

for studied surfactants on mild steel in CO2-saturated 

solution ranges between -23.79 and -21.93 kJ mol
-1

, which 

are around -20 kJ mol
-1

 (Table 5). These results indicate 

that the adsorption mechanism of surfactants on mild steel 

in CO2 saturated solution is typical physisorption at the 

studied temperature. physisorption of the surfactant 

molecules could occur due to the electrostatic interactions 

between the charged molecules and the charged metal. The 

negative values obtained for 
o

adsG∆  indicate that the 

adsorption process takes place spontaneously by strong 

interactions between the inhibitor and the steel surface, as 

was suggested by the obtained values of Kads.  
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Table 5. Thermodynamic parameters for the adsorption of the studied surfactants on mild steel electrode in CO2- saturated brine. 

Inhibitors 

Code 
Slope Regression coefficients, R2 

Kads, 

M-1 ×105 

o

adsG∆  

(kJ mol-1) 

I 1.02 0.9876 2.211 -23.79 

II 1.09 0.9896 3.157 -22.27 

III 1.02 0.9997 2.453 -21.93 

IV 1.05 0.9699 3.553 -22.40 

V 1.02 0.9899 3.861 -22.43 

 

 

Figure 4. Curve fitting of the corrosion data obtained from 

Potentiodynamic polarization measurements for carbon steel in CO2 

saturated brine containing various concentrations of inhibitors according 

to Langmuir adsorption isotherm model at 50 °C. 

4. Conclusion 

a) Polarization curves proved that the investigated 

surfactants were the mixed-type inhibitor for mild 

steel in CO2-saturated solution.  

b) All measurements showed that, inhibitors had 

excellent inhibition properties for the corrosion of 

mild steel in CO2-saturated 1% NaCl at 323 K, and 

the inhibition efficiency increased with the 

concentration of the inhibitor, getting maximum 

inhibition efficiency ranged between 82.19 and 

99.17 % at 100 ppm after 20 hour of exposure. 

c) The maximum decrease in the corrosion rate was 

observed for inhibitor (I) and the inhibition 

efficiency of the investigated surfactants was 

increased in the following order: I> III> II > IV >V. 

d) The adsorption model obeyed Langmuir adsorption 

isotherm. The adsorption process was spontaneous. 

The values of the standard free energies of 

adsorption indicated that the synthesized surfactants 

adsorbed on mild steel in CO2-saturated 1% NaCl 

were typical physisorption mechanism. 
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