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The corrosion issues have led to great interest in industry and academia to control corrosion of metallic 

pipelines in various oilfields around the world. Among the existing corrosion control methods, 

surfactant inhibitors have widely been used for corrosion inhibition of metallic pipelines. One model 

for the prediction of corrosion inhibition efficiency of various pure surfactant and mixed surfactants in 

aqueous media is developed and validated. The prediction model is based on Langmuir adsorption 

(LA) sub-model in combination with a critical micelle concentration (cmc) prediction sub-model to 

create an integrated corrosion inhibition prediction model. The model derivation is introduced by using 

an example of mixed homologous benzalkonium chlorides (BAC) in NaCl-containing aqueous media 

and further validated using additional testing systems of pure and mixed surfactants. This developed 

corrosion inhibition prediction model provides a potential method to evaluate the effectiveness of 

various surfactants in metal corrosion inhibition under various conditions of aqueous media.  
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1. INTRODUCTION 

As an important component of the economy, the oil and gas industry has received considerable 

attention because oil mining and transportation have become increasingly expensive due in part to 

equipment damage caused by corrosive media, such as media containing dissolved H2S, Cl
-
, and CO2 

[1-5]. As a specific oil and gas industry example, pipeline made of carbon steel is easily corroded in 

environments that contain water and carbon dioxide (CO2) [4-6]. The annual direct cost of corrosion in 

United State has been estimated to be around $276 billion or 3.1% of the gross domestic product 
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mailto:yakun.zhu@utah.edu


Int. J. Electrochem. Sci., Vol. 10, 2015 

  

10463 

(GDP). About 3.7% out of the total cost comes from the oil and gas industry [3, 8], which is much of 

due to the CO2 corrosion of carbon steel. 

CO2 is usually present in produced “sweet” fluids in the form of a dissolved gas and carbonic 

acid [9, 10]. Corrosion occurs when steel comes in contact with carbonic acid, which leads to the 

failure of pipelines, accidents, and economic losses. CO2 corrosion is affected by many factors based 

on studies over the past several decades [8,11]: the change in temperature can lead to a change in CO2 

corrosion [12-14] and chemical composition of corrosion product [9,15]; the increase in CO2 partial 

pressure [13,16] and fluid flow rate [17-19] accelerate CO2 corrosion; the increase in pH [9,12,16], 

solution salt concentration such as Cl
-
 [20], and Cr [21] content in the steel matrix can decrease the 

uniform corrosion rate. In addition, O2 can accelerate CO2 corrosion by acting as a catalyst [22] and 

H2S can increase corrosion through its synergistic action with CO2 [23].  

These concerns have led to great interest in industry and academia to control CO2-related 

corrosion of pipeline in various oilfields around the world. A widely used corrosion control method is 

to use organic inhibitors, many of which are surfactants with hydrophilic and hydrophobic molecular 

sections [24-26]. It is usually assumed that the corrosion inhibition is equal to the effective surface 

coverage of surfactant inhibitor on steel [27-29]. However, there are many other factors that influence 

the performance and inhibition efficiency of surfactant, such as surfactant molecule structure, mixed 

composition of surfactant mixture, the material the surfactant is applied to and surface conditions 

(roughness, defects, etc.), and the environment in which the surfactants are used (fluid flow, salt 

concentration, temperature, pressure, etc.), etc. Extensive research work has been performed in the 

understanding of these processes but many challenges remain [30-36]. 

At present, the modeling of corrosion inhibition performance of surfactant inhibitors is limited 

to traditional methods, including Langmuir, Temkin, and Frumkin etc. [29, 37-41]. First-principles 

modeling, which is actually semi-empirical modeling based on best-fit of experimental data such as 

quantitative structure activity relation (QSAR) [42-46], combined QSAR and mechanistic approaches 

is also established. Multiphysics modeling, based on various processes that affect inhibition efficiency, 

such as fluid flow, pH, speciation, and partitioning [34, 47-49], is also available. However, each of 

these techniques is at different stages of maturity and has potential limitations.  

 

Table 1. Experimental condition for different testing systems 

 

Testin

g 

system 

Mixed molar ratio 

αi 

(C12Cl/C14Cl/C16

Cl) 

Salt (M) 
Measured cmc 

(μM) 
T (°C) pH 

Rotation speed 

(RPM) 

I  0.70/0.25/0.05 0.171 144 40 4 300 

II 0.33/0.33/0.33 0.599 16.5 40 5 100 

 

In the present study, a model for the prediction of corrosion inhibition efficiency using 

surfactants (both pure and mixture) in aqueous media is introduced based on previous work [27-
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29,37,50,51]. This model is based on the utilization of Langmuir adsorption (LA) sub-model with a 

critical micelle concentration (cmc) prediction sub-model. The developed model is referred to as a 

modified Langmuir adsorption (MLA). The predictive MLA model are developed and validated using 

electrochemical data collected from corrosion inhibition testing systems listed in Table 1, which 

include Testing System I and Testing System II. The predicted results from MLA agree well with 

experimental results. The MLA model is further extended to literature reported testing systems and 

demonstrates its wide applicability.   

 

 

2. EXPERIMENTAL PROCEDURES AND MATERIALS 

The surfactants used in this study are homologous cationic surfactants BAC, including benzyl 

dimethyl dodecyl ammonium chloride (C12Cl), benzyl dimethyl tetradecyl ammonium chloride 

(C14Cl), and benzyl dimethyl hexadecyl ammonium chloride (C16Cl) with assay values higher than 

99%. The chemical structure of various surfactant molecules discussed in the present work is given in 

Fig. 1.   

A piece of X65 steel was used as the working electrode in electrochemical measurements with 

a surface area of 0.196 cm
2
. The composition (wt %) is C 0.06%, Mn 1.33%, P 0.007%, S 0.005%, Si 

0.30%, Cu 0.30%, Ni 0.10%, V 0.022%, Cb 0.046%, Al 0.019%, Cr 0.05%, Mo 0.03%, Ti 0.017%, Ca 

0.0033%, and Fe (balance).  

 

 
 

Figure 1. Chemical structure of various surfactant molecules discussed in the present work. n 

represents hydrocarbon chain length. AAOA: N-[2-[(2-aminoethyl) amino] ethyl]-9-

octadecenamide; CnCl: n-benzalkonium chloride; CnTAB (or CnTABr): n-alkyl trimethyl 

ammonium bromide; TCA: trans-cinnamaldehyde; DDPB: dodecylpyridinium bromide.           

C
n
TAB: C

n
Cl: 

AAOA: 

TCA: DDPB: 
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Figure 2. Plots of surface tension versus concentration of surfactants: (a) C12Cl in 0.171 M NaCl-

containing aqueous solution at 40°C; (b) mixed C12Cl, C14Cl, & C16Cl at molar ratio of 

0.15/0.70/0.15 in 0.171 M NaCl-containing aqueous solution at 40°C. The cmc value is 

indicated by the arrow.  

 

The surface of the X65 electrode was polished using SiC paper in the sequence of 400-600-

800-1200 grit, followed by polishing using polishing cloth with a particle size of ~ 5 μm supplied by 

Buehler. A platinum ring electrode and a single junction saturated calomel electrode (SCE) were 

employed as counter and reference electrodes, respectively. Test solutions contained 0.171 or 0.599 M 

NaCl and were purged with Ar (>99.999%) for 2 hours (hrs) to remove oxygen followed by a purge of 

CO2 (>99.999%) for 2 hrs to ensure CO2 saturation prior to measurements. A flow of CO2 was 

maintained during the experiments to keep a positive pressure inside the cell to avoid air ingress. The 

pH was adjusted to 4 - 5 for different mixtures by the addition of 1.0 M NaHCO3 or diluted HCl. The 

surfactants were added at the beginning of each measurement. The test solutions were then kept at 

open circuit potential, Ecorr, for 2 hours for equilibration. Test conditions for different mixed surfactant 

systems are listed in Table 1. Testing System I is used as the primary example for the results 

discussion and inhibition efficiency prediction model derivation.   

Polarization resistance Rp was measured using the linear polarization resistance (LPR) method 

by polarizing the working electrode +/- 0.010 V (SCE) vs. Ecorr with a sweep rate of 0.1 mV/s. The 

slope of the tangent at the origin provided the value of Rp. Potentiodynamic scans were performed with 

a sweep rate of 1mV/s from -0.9 V (SCE) to -0.35 V (SCE). Each test was repeated at least three times 

as an independent measurement.  

The test samples for surface tension measurements were prepared by sequential dilution of 

concentrated aqueous solutions of surfactants using double deionized water. The stock solution was 

Micelles and 
multilayers 
formation 
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prepared at a total surfactant concentration of 25 mM for electrochemical measurements using 

deionized water. The surface tension of test solutions was measured within a precision of 0.1 mN/m by 

the platinum ring setup, equipped with an isothermal vessel holder. All the measurements were 

performed at a constant temperature of 40 ± 0.2°C, which has been shown to be higher than the Krafft 

point of the surfactants and their mixtures in aqueous media containing various concentrations of 

NaCl. The constant temperature was maintained through a water circulation bath. The platinum ring 

was rinsed with water and heated to an orange color using a Bunsen burner between tests to ensure the 

complete removal of contaminants. Triplicate measurements were used to confirm reproducibility. All 

values of reported surface tension were determined through the aforementioned procedures. Example 

of surface tension measurement of solution containing surfactants is shown in Fig. 2, in which the cmc 

of surfactants can be determined.  

 

 

3. RESULTS AND DISCUSSION 

3.1 Stability of Open Circuit Potential 

Considering the stability of open circuit potential Ecorr is important to electrochemical 

measurements, the X65 steel electrode was immersed in testing solution and kept at OCP for 

equilibration before measurement. Examples of the dependence of Ecorr of X65 steel electrode on time 

in 0.171 M NaCl-containing aqueous media at 40°C are given in Fig. 3. The Ecorr stabilized at around -

0.725 V (SCE) without surfactant. It is reported that a positive shift of Ecorr is usually observed
 
upon 

the addition of surfactant into brine-containing aqueous media which is also saturated with CO2 [52]. It 

can be seen from Fig. 3 that Ecorr is stabilized between -0.640 V (SCE) and -0.740 V (SCE) after the 

introduction of surfactants over a wide concentration range, which includes the surface aggregation 

concentration (sac) and the cmc which is around 144
 
μM based on surface tension measurement. Ecorr 

only increases slightly at surfactant concentrations above the cmc. The difference in Ecorr in the 

absence and presence of surfactant indicates that the steel surface was covered and protected by the 

inhibitor adsorption. According to Riggs Jr. [53], it is feasible to classify one inhibitor as anodic type 

or cathodic type if the presence of inhibitor shifts Ecorr at least +85 mV or -85 mV, respectively, 

relative to Ecorr in the absence of inhibitor. However, the positive shift of Ecorr of Testing System I at 

the highest concentration of 360 μM is only around 85 mV which suggests that both the dissolution of 

iron at the anode and the hydrogen evolution at the cathode were affected.     

 

3.2 Potentiodynamic Scans and Linear Polarization Resistance Measurements 

The potentiodynamic scan curves of Testing System I with various surfactant concentrations 

are presented in Fig. 4. Tafel slopes were estimated from these curves to calculate corrosion current 

density using the Tafel slope method. Note that there is no sensible linearity in the anodic branch in 

potentiodynamic scans as seen in Fig. 4 at the concentration above 72 μM, and thus the associated 

anodic Tafel slopes were derived from the cathodic branch [28,29]. The corrosion inhibition efficiency, 

IE (%), was calculated using Equation (1) [28,29,37,50].  
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                                                      (1) 

where icorr,o and icorr are the corrosion current density without and with corrosion 

inhibitors/surfactants in solution respectively.  

The polarization resistance was measured from LPR measurements and was then used to 

evaluate corrosion inhibition efficiency using Equation (2) with the Tafel slopes estimated from the 

curve of potentiodynamic scans.  

                                                         (2) 

where  and  are polarization resistance in the absence and presence of corrosion 

inhibitors/surfactants respectively.  

The results of Tafel slopes, polarization resistance, corrosion rate, and inhibition efficiency are 

summarized in Table 2 for the Testing System I. The corrosion inhibition efficiency results from 

potentiodynamic scans and linear polarization resistance (LPR) measurements are very close. 

Inhibition efficiency increases rapidly to around 90% with the increase in surfactant concentration up 

to 72 μM. Further increase in concentration does not effectively enhance inhibition efficiency even 

when the concentration is much higher than the cmc, Ccmc. The concentration of 72 μM is interpreted 

as the value of sac, Csac, at which a complete monolayer usually forms at the electrode-solution 

interface, and above which, bilayers, multilayers, and semi-micelles usually form at the electrode-

solution interface [28,29,37,50]. It has been reported that corrosion inhibition is directly associated to 

the electrode surface coverage [28,29,37,50], and therefore, the monolayer is much more effective in 

metal corrosion inhibition and the adsorption of bilayers/multilayers and semi-micelles on metal 

surface do not contribute much to additional corrosion inhibition.   

 

Table 2. Tafel slopes, corrosion current density, polarization resistance, and IE (%) for X65 in the 

absence and presence of Testing System I with different surfactant concentrations  

 

Total 

Concentration 

(μM) 

βa (mV dec
-1

) -βc (mV dec
-1

) i
corr

 (μA cm-2) IE (%)
a
 

Rp 

(ohm·cm
2
) 

IE (%)
b
 

 

0 61.5 255 202 0 104 0  

9 65.7 248 118 42 188 44  

18 67.1 243 89 56 249 58  

36 68.3 235 53 74 436 76  

54 63.2 245 34 83 643 83  

72 64.8 239 26 87 845 88  

100 61.7
c
 238 13 94 1591 93  

140 67.9
d
 237 9 96 2550 96  

180 61.6
e
 245 7 97 2958 96  

360 63.2
f
 233 5 98 4282 98  

a
IE (%) calculated from potentiodynamic scans;

 b
IE (%) calculated from LPR; 

c & d
derived from the 

cathodic branch and βc due to lack of sensible linearity in the anodic branch in potentiodynamic scans 

as seen in Fig. 4. [28,29].    
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Figure 3. Variation of open circuit potential Ecorr with time of X65 electrode immersed in aqueous 

conditions of Testing System I: CO2-saturated 0.171 M NaCl-containing media with pH=4 in 

the absence of surfactant and presence of mixed C12Cl/CC14Cl/C16Cl=0.70/0.25/0.05 at 

different concentrations.  

 

 
 

Figure 4. Potentiodynamic scan curves of X65 steel electrode exposed in Testing System I with and 

without surfactants. 

 

3.3 Traditional Modeling Background 

Corrosion inhibition assumes that the steel electrode corrodes uniformly and that the corrosion 

current density in the absence of surfactants, icorr,o, is usually represented by the total number of surface 
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sites available for corrosion, whereas the corrosion current density in the presence of low concentration 

of inhibitor (usually lower than the cmc or sac), icorr, is represented by the number of uncovered surface 

sites remaining after limited surfactant adsorption [28,29,37,50]. Thus, the surface coverage θ is 

assumed to be the fraction of surface sites covered by surfactant adsorption relative to the total surface 

sites and can be given by the expression: 

                                                          (3) 

The adsorption of surfactants at the surface/interface is usually modeled by a traditional 

adsorption model. One of the widely accepted models is the Langmuir adsorption isotherm [28,29,37], 

in which the surface coverage is represented by: 

                                                                        (4) 

or 

                                                                      (5) 

Kad is given by 

                                                             (6) 

where Kad is equilibrium adsorption constant, C is the concentration of total surfactants in the 

bulk solution, the value 55.5 is the molar concentration of water in solution in unit moles per liter (M), 

 is the standard free energy of the adsorption process, R is gas constant, and T is absolute 

temperature. Note that for pure surfactant, C and Ccmc are total concentration of pure surfactant i, Ci, in 

solution and its corresponding cmc, Ccmc,i, respectively; for mixed surfactants, C and Ccmc are total 

concentration of mixed surfactants, Cmix, in solution and their corresponding mixed cmc, Ccmc,mix,  

respectively. 

A plot of (1/θ) vs. 1/C (for C < Ccmc) using Equation (5) based on LPR of Testing System I 

yields an intercept which gives an equilibrium constant Kad of a value of 8.13x10
4
 M

-1
, as shown in 

Fig. 5. Ccmc represents the value of cmc.  is calculated and the value is -39.8 kJ·mol
-1

. The 

negative value 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 [54]. Generally, 

if adsorption free energy is more positive than -20 kJ·mol
-1

, the interaction between surfactant and 

metal is classified as physisorption due to electrostatic interaction. When the adsorption free energy is 

more negative than -40 kJ·mol
-1

, the adsorption involves charge sharing or transfer between surfactant 

molecules and metal surface to form coordination bonds, which is also classified as chemisorption 

[55]. Based on the calculated value of adsorption free energy, -39.8 kJ·mol
-1

, the adsorption 

mechanism of the discussed mixture can be classified as the combination of chemisorption and 

physisorption. Specifically, the adsorption mechanism of surfactant on steel electrode surface is often 

interpreted as follows: the unpaired or π electrons of the surfactant molecule and the vacant d orbitals 

of iron share electrons (chemisorption); the charged surfactant and electrode surface interact through 

electrostatic force (physisorption). However, physisorption can sometimes be energetically favorable 

and significant whereas chemisorption may sometimes have relatively weak binding energy due to 

various factors that influence adsorption [56,57].   
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3.4 Modified Langmuir Adsorption Model 

A combination of Equations (3) and (4) and rearrangement lead to a useful equation that 

correlates the corrosion current density to surfactant concentration [29,37]: 

                                                            (7) 

There should be a linear relationship between the inverse of corrosion current density (1/icorr) 

and bulk surfactant concentration C when C ≤ Csac. The surfactant adsorption and corrosion inhibition 

at this level is particularly effective with increasing concentration due to plenty of active surface sites 

available to be covered by surfactants. Above the sac, an abrupt transition should occur in the slope, 

because the electrode surface is covered by a complete monolayer. Increasing concentration of the 

surfactant above the sac should lead to the formation of bilayers/multilayers and micelles (above cmc), 

which slightly contribute to surface coverage and corrosion inhibition.  

 

 
Figure 5. Plot of (1/θ) vs. 1/C using Equation (5) based on LPR measurements 

 

Thus, the sac is an important scaling factor in the determination of the effect of surfactant 

concentration on adsorption and corrosion inhibition. However, because the cmc is easier to measure 

than the sac in the present research and due to the availability of a developed prediction model for cmc, 

the concentration in Equation (7) is normalized by dividing by Ccmc, rather than by Csac, and rearranged 

to give:  

                                                        (8) 

where K is equal to the adsorption constant Kad multiplied by Ccmc of surfactant. Further 

rearrangement leads to a general form which can be used to evaluate corrosion of a variety of 

surfactants under a variety of test conditions: 

                                                        (9) 
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Note homologous surfactants tend to achieve similar levels of surface coverage at similar ratios 

of surfactant concentration to surfactant cmc, so the value of K does not vary a lot for homologous 

surfactants. Note that C could increase above the sac or the cmc, but the fitting is generally not as good 

as the fitting for C below the sac.  

The measured cmc for the surfactant mixture in Testing System I, 0.70/0.25/0.05 in 0.171M 

NaCl aqueous media at 40°C, is 144 μM. A plot of  versus  yields a slope of constant 

K=13.74, and an intercept of 1 which is in the absence of inhibitor, as shown in Fig. 6. There is one 

abrupt transition around the concentration of the sac, which indicates that when the inhibitor 

concentration is below the sac, inhibition efficiency increases rapidly with the increases in 

concentration; above the sac, the increase in concentration does not contribute much to further 

inhibition efficiency increase. 

 

 
 

Figure 6. Plot of  versus ( ) of X65 steel exposed in CO2-saturated 0.171 M NaCl aqueous 

solution containing various concentrations of mixed surfactants C12Cl, C14Cl, & C16Cl at 

molar ratio of 0.70/0.25/0.05 at 40°C. 

 

3.5 The cmc Prediction Sub-model 

It is noticed from previous discussion that the cmc is required for the use of MLA model 

regarding corrosion inhibiton prediction and therefore, one cmc prediction sub-model is introduced in 

this section. 

Despite extensive progress in theoretical and experimental work has been made in the study of 

aggregation properties of ionic surfactants the effect of added salt and specific ion (dissociated from 

surfactants and salt) is still a challenge [37,51,58]. The ion and salt usually shift cmc, aggregation 

number of micelle, sphere-to-rod transition, and counterion binding coefficient [51,58,59]. The micelle 

shape, micelle composition (for mixed surfactants), and micelle distribution are also affected 

sac 



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

10472 

[51,58,59]. In the present work an improved cmc prediction sub-model based on existing molecular 

thermodynamic theory [58] has been introduced for various pure and mixed surfactants. Activities of 

monomeric surfactant and counterion, which are evaluated from Setchenov equation [60] and Pitzer’s 

method [61] or Davies [62] equation respectively, are incorporated. The specific headgroup-counterion 

pair is introduced to model counterion specificity. The effect of coion is reflected from salt-dependent 

factors, including Setchenov coefficient, dielectric decrement of salt, and the correlation between 

surface tension and salt concentration of aqueous solution. The developed cmc sub-model has been 

applied to various surfactants in aqueous solution containing various salt concentrations for validation 

[37,50,51]. More details about the sub-model derivation and validation can be found in supplementary 

information and existing references [37,50,51].    

Assuming the monomeric surfactant mi (i represents surfactant 1, 2, or 3...) is completely 

dissociated in aqueous solution containing counterion mj (j=1, 2, or 3…) but in the micelle form the 

surfactant is associated to some extent with counterions, therefore, the surfactant micellization is 

described by the following process [37,50,51].    

                                         (10)  

where αi is the composition of surfactant i in the micelle, Mnαiδj, which has an aggregation 

number n, micelle composition αi, and a counterion binding coefficient δj. For micelles of pure 

surfactant, αi = 1; for mixed micelles, 0 < αi < 1. zi and zj are the valences of ionic surfactant i in 

dissociated form and counterion j. For nonionic surfactant i, zi = 0 and δj = 0.   

By the consideration of activity coefficient, the chemical potential of micelle Mnαiδj, monomeric 

surfactant i, and counterion j in solution can be written, respectively, as  

                            (11)  

                                       (12) 

                                       (13) 

where ,  and  are the standard chemical potentials of micelle, monomeric 

surfactant, and counterion in solution, respectively. The standard state of water is defined as pure 

liquid while the standard state of all other species is defined for an infinitely dilute solution. anαiδj, ami, 

and amj are the corresponding activities. γnαiδj, γmi, and γmj are the corresponding activity coefficients. 

Micelle is treated as one separated phase from aqueous solution and thus γnαiδj = 1. Xnαiδj, Xmi, and Xmj 

are mole fractions of micelle, monomeric surfactant, and counterion in bulk solution.  

The cmc is assumed to be equal to monomer concentration and  the monomer molar fraction Xm 

is calculated by [37,50,51].     

                                                             (14)  

The micellization free energy 
 
is estimated from a few contributing terms as described 

below: 

                  (15) 

where , , , , , and  are the free energy contributions from 

hydrocarbon transfer from water into micelle, formation of micellar core-water interface, hydrocarbon 

tail packing in the micelle, surfactant headgroup steric interaction, headgroup-counterion mixing, and 

electrostatic interaction, respectively [37,50,51].  comes from the activity contribution [37,50,51]. 
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Free energy micellization as a function of variables, including micelle shape, micelle composition αi, 

micellar core minor radius, and counterion binding coefficient δj (j represents ion), at given solution 

conditions is minimized using home-designed MATLAB code. The minimized micellization free 

energy is then used for the evaluation of cmc, aggregation number, counterion binding coefficient, and 

sphere-to-rod transition. Details of free energy calculation is reported elsewhere [37,50,51].     

The model is applied to pure alkyltrimethylammonium surfactant C16TAB in solution with 

added salt (NaBr, NaCl, or KCl) to evaluate chain length effects, counterion effects, and coion effects 

on aggregation properties as shown in Fig. 7. The cmc (Fig. 7(a)) and sphere-to-rod transition 

threshold (Fig. 7(b)) decreases as chain length increases whereas nw (Fig. 7(b)) increases as chain 

length increases. The predicted cmc for all surfactants in Fig. 7 match very well with the experiment 

except that slight deviation appears for C12TAB with added NaBr above 1 M. Excellent agreement is 

observed between predicted and experimental nw. The transition threshold of salt concentration is well 

predicted as indicated by the change of nw. For C16TAB with KBr for example, the predicted threshold 

is 0.08 M and the experimental threshold is 0.1 M [63].     

The model is further applied to ternary mixed homologous benzalkonium chloride surfactants 

CnCl. C12Cl and C16Cl are equal-molar mixed with varying molar fractions of C14Cl at different 

NaCl concentrations. The data and its comparison with the model are presented in Fig. 8, which 

demonstrate the wide applicability of the present cmc model.  

 

3.6 Corrosion Inhibition Prediction 

The corrosion inhibition efficiency can be predicted using the equation below based on the 

developed MLA model  

                                            (16)                                        

Fig. 9 presents the comparison of predicted inhibition efficiency and experimental inhibition 

efficiency for different testing systems using both MLA and Langmuir adsorption (LA). The  value 

for mixed BAC is obtained by fitting the MLA model to the experimental data of Testing System I. 

The model is validated using the data obtained from Testing System II. The sac of Testing System II is 

estimated to be 9 μM, at which the inhibition efficiency is around 90% and above which inhibition 

efficiency is slightly increased as the concentration continues to increase. The predicted corrosion 

inhibition efficiency of Testing System II using regular LA model is also presented in which 

significant deviation between prediction and experimental data is observed due to the lack of solution 

condition adjustment using cmc. This is attributed to the different solution conditions for Testing 

System I and Testing System II in which the aggregation properties, such as cmc and micelle 

composition, of mixed BAC are different and thus Kad values differ. In MLA, Kad is replaced by 

incorporating the cmc to obtain universal constant  for homologous BAC. The corrosion inhibition 

efficiency prediction model is also extended to other surfactant testing systems and works very well, 

such as AAOA-1018 steel system [5], C16TAB-copper system [27], and TCA-DDPB-J55steel system 

[69], as shown in Fig. 9. 
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Figure 7. (a) cmc and (b) weight-based aggregation number nw of alkyltrimethylammonium 

bromide/chloride CnTAX (X=B
-
/Br

-
 and Cl

-
) vs. salt concentration. The salt type is specified as 

it is in the legend; if not specified the salt is NaBr. Solid and dashed lines represent model 

prediction; symbols represent experimental data cited from references [63,64-68]. Model inputs 

based on experimental conditions: 35°C, and total solution concentration of surfactant set at 10 

mM for C14TAB and C16TAB/Cl and set at 30 mM for C12TAB.   

 

 

 

Figure 8. cmc vs. solution molar composition of C14Cl in ternary mixed C12Cl, C14Cl, & C16Cl in 

aqueous solution, in which C12Cl & C16Cl are equal-molar mixed. Solid and dashed lines 

represent model prediction; symbols represent experimental data [51].  

 

a 

b 

a 
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Figure 9. Comparison between experimental inhibition efficiency and predicted inhibition efficiency 

for Testing Systems I and II listed in Table 1 and for reported testing systems using surfactant 

AAOA [5], surfactant C16TAB [24], and mixed surfactants TCA and DDPB based on MLA 

and LA. K′ are 15.73 for AAOA in 0.856 M NaCl aqueous solution at 25°C, 2.52 for C16TAB 

in 0.03 M Fe(NO3)3 aqueous solution at 32°C, 20.26 for mixed TCA and DDPB in 10% HCl 

aqueous solution at 30 °C. The values of the cmc for AAOA, C16TAB, and mixed TCA and 

DDPB in the discussed solution environment are 15 μM, 9.8 μM, and 9.5 mM, respectively.    

 

 

 

4. CONCLUSIONS 

Corrosion inhibition efficiency rapidly increases as the surfactant concentration increases to the 

sac, indicating the formation of a relatively complete surfactant monolayer around the sac that 

effectively protects the metallic electrode from corrosion. A new cmc prediction sub-model for various 

pure and mixed surfactants is developed over a wide concentration range of salt. The improved 

corrosion inhibition efficiency prediction model MLA which incorporates LA and the cmc prediction 

is an effective method that can be used for corrosion inhibition prediction of various ternary mixtures 

of homologous BAC surfactants at various salt concentrations. In addition, this MLA model provides a 

potential method to evaluate cmc and corrosion inhibition efficiency of pure surfactant, and binary-, 

ternary-, or multiple-component mixtures of surfactants of interest in aqueous media containing salt. In 

addition, a modified Quantitative Structure Activity Relation (MQSAR) model which is equivalent to 

MLA can be found elsewhere for potential readers [37]. 
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