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Abstract: Surfactants are amphiphilic compounds that are widely used in various technological fields and biological 

systems. In many of these applications, mixtures of amphiphiles in organic solvents are employed for better performance The 

work aims at establishing the extent of ideality or otherwise in the mixed micelles of n-alkyl trimethylammonium bromide, (n 

= 14 and 16 for TTABr and CTABr respectively), in water (AQ) and water-monoethanolamine (AQ-MEA) at different mole 

fractions (0.1 to 0.6) and temperatures by Conductance measurement.: The values of the critical micelle concentration (Cmx) 

obtained in AQ, and AQ-MEA were lower than that obtained assuming an ideal mixing system. Substantial deviation from 

ideality was observed in the presence of AQ-MEA at all temperatures, suggestive of more favourable association of the 

surfactants in MEA solvent. The composition (χ1) of the mixed micelles obtained in the context of Rubingh’s model showed 

that the micelles of CTABr were dominant, and the values of the interaction parameters (βmx) were negative in AQ and AQ-

MEA media with more synergistic interaction in the latter case at 0.1:0.9 mole fraction ratio at a particular temperature. The 

values of the activity coefficients (fTTABr, fCTABr) were below unity, and the evaluation of the energetics of micellization showed 

that the process was spontaneous and feasible. 
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1. Introduction 

The special interest in the study of surfactants originates 

from their technological and biological importance which 

revolve around the surface tension lowering (water) effect. 

[1, 2]. A good number of different types of amphiphiles are 

mixed for the purpose of improved performance and cost-

effectiveness [2, 3]. The unique properties of cationic 

surfactants over other class of self-assembly [4] make them 

suitable in biological applications as solubilizing agents for 

organic compounds, and hydrophobic drugs, as disinfectants, 

and cleaning agents, also the positive charge on the surface-

active segment of the molecule is also unaffected by the pH 

of the solution. [5-7]. 

As in the case of monomeric surfactants, the formation of 

micelles of two or more surfactants occur suddenly over a 

narrow range of concentration [1] due to changes in the 

physicochemical properties of the system [8]. The attractive 

hydrophobic interactions between the insoluble hydrocarbon 

tails give the driving force for aggregation, while the 

repulsive interaction among the hydrophilic head groups 

opposes aggregation [9]. A balance of these two major forces 

leads to micelle or mixed micelle formation as in the case of 

monomeric and mixed surfactants respectively [10-12]. 

The concentration of utmost importance in many 

formulations, and other technological applications is the 

critical micelle concentration (CMC), and is affected by 

structural and environmental factors such as hydrophobic, 

hydrophilic groups, temperature, electrolytes, non-

electrolytes and co-solvents [13, 14] therefore alteration of 

the solution properties by co-solvents have significant effect 
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on the micellization process, and micelle formation [9]. 

Surfactant additives are essential in hands-on formulations in 

industries to regulate and improve the property of [15] 

products, nonetheless, the process of aggregation has been 

reported [16] to be less favourable in medium other than 

aqueous. Temperature and co-solvent were reported to have a 

distinct effect on the aggregation process [17], and hence the 

CMC values. The former play important roles on the level of 

hydration of both hydrophilic and hydrophobic group, while 

the effect of the later is largely based on whether the 

additives is a structure maker or breaker of the 3-dimensional 

arrangement of water molecules. [14, 17]. In the same 

manner, some polar organic co-solvent had been discovered 

to create a space between the polar end of the surfactant so as 

to minimize electrostatic repulsion, thereby prompt earlier 

micelle formation The surfactants and the co-solvent of 

choice (MEA) have enormous applications in chemical 

research [18]) and that attracted our interest in this work. 

Monoethanolamine (MEA), a polar organic compounds with 

functional groups that are hydrogen bonding inclined which 

according to Evans and coworker [19] a prerequisite for 

aggregation. The presence of the organic moiety in the 

structure is also of value as it can give surge to hydrophobic 

interactions. The structures of the surfactants and the co-

solvent have been illustrated in Figure 1. 

 

Figure 1. Cationic surfactants and MEA. 

Although quite a number of reports are available in 

literature on binary mixtures of cationic surfactants in 

aqueous and aqueous-organic media [13, 14, 17, 20], but the 

fundamental investigations of the effect of 

monoethanolamine on the micellization of mixed cationic 

surfactants especially those of the linear quaternary 

ammonium halide origin has not been mentioned. 

Electrical conductance method has been reported (21-23] to 

be the most accurate techniques and a better diagnostic tool 

[24] for the determination of CMC of ionic surfactants. This 

work is aimed at investigating the influence of co-solvent on 

the mixed micelles of cationic surfactants having the same 

hydrophilic but different tail groups, with a view to having a 

mixed micelle that will serve as a better adjuvant in herbicides, 

detergency formulation, and textile-dyeing. In this context, it is 

paramount to have a complete understanding of the 

interactions, and thermodynamic behaviour of these similarly 

structured surfactants. These were achieved by measuring the 

conductance of an increasing concentration of the solutions of 

surfactants mixture expressed in mole fraction ratios (�� �

	���	in AQ, AQ-MEA media as a function of temperature. 

2. Experimental 

2.1. Materials 

The cationic surfactants, TTABr, and CTABr were 

purchased from Aldrich (USA) and Sigma chemicals. These 

surfactants are of the highest purity, that are commercially 

available, and they are therefore used without any further 

purification. Analytical grade MEA was also purchased from 

Sigma Aldrich and used as received. The water used in this 

work was re-distilled, with specific conductivity value that 

ranged between 1 and 4 µscm
-1

 at room temperature. The 

composition of the solution was expressed in mole fraction 

(��� , and the experiment was performed at temperatures 

between 298.1 K and 313.1 K at 5.1 K intervals. A Janway 

(model 4510) conductivity meter that was pre-calibrated with 

a standard solution (0.01 N) of KCl was used for the 

experiment. 

2.2. Methods 

Conductometric measurements were carried out using a 

dip-type probe of 1.0 cm
-1

 cell constant. 10 cm
3
 of the 

reference solution (water) or an appropriate amount of the 

co-solvent in water was taken in the conductance cell, and a 

200 	�	  of a known concentration of TTABr-CTABr made 

with the reference solution was added, and allowed to 

equilibrate at a specific temperature before the onset of the 

experiment. The conductivity values were recorded when the 

solutions attained equilibrium. The conductivity of the 

increasing concentration of TTABr-CTABr in water (AQ), 

and water containing 0.2 v/v% monoethanolamine (0.2 v/v% 

MEA) were measures at 298.1, 303.1, 308.1, and 313.1 K. 

The experimental error was ± 0.5%. The above procedure 

was repeated for the entire mole fraction with freshly 

prepared stock solutions. All experiments were carried out 

under regulated temperature maintained ±0.1
, and the ��
 

values of each mole fraction at a fixed temperature were 

determined from the interception point in the conductivity 

versus [TTABr-CTABr] curve 

3. Results and Discussion 

3.1. Effect of Co-solvent on the Critical Micelle 

Concentration (Cmx) 

The electrical conductivity of different concentrations of 

TTABr-CTABr in 0.0 v/v% and 0.2 v/v% of MEA was 

measured to inquiring the effect of MEA on the micellization 

process and by extension the critical micelle concentration of 
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the mixture at 298.1, 303.1, 308.1, and 313.1 K. The data 

obtained were plotted as a function of mixed surfactant 

concentration, to determine the inflection point, the Cmx. 

The values obtained were summarized in Tables 1 and 2 

respectively. The plots recorded two linear fragments, with 

different slopes, the pre mixed-micelle and post mixed-

micellar regions which intercepted at the Cmx. By 

subtracting the values obtained from the ratio of the slopes 

gave the extent of bromide-ion bound to the mixed micellar 

surface. However, the transition was not very spontaneous in 

MEA medium especially at � > 0.3 and temperatures above 

298.1 K. This observation which made the conventional plot 

inadequate was similar to those reported in our previous 

work [25], and was treated accordingly using the Carpena 

method to obtain the exact point of inflection, which 

corresponds to the Cmx [26]. 

The values of the experimental critical mixed micelle 

concentration (Cmx) for TTABr-CTABr in aqueous medium 

were slightly lower than the values obtained from ideal 

mixing. The non-ideality in the mixed-micelle was due to 

molecular interactions between the surfactant monomers. The 

decrease in the values of Cmx as compared with the ideal 

solution was quite pronounced upon the addition of 0.2 v/v% 

MEA. Hence, departure from ideality was more apparent in 

AQ-MEA media. In addition to monomeric interactions in 

AQ medium, the substantial decrease in the Cmx values 

when co-solvent was involved could be ascribed to (i) 

reinforcement of the 3-D structure of water by MEA, and its 

ability to intercalate [25] the mixed-micellar surface by 

increasing through replacement of some water molecules 

[27] the distance between the polar head group, and 

consequently reduced the electrostatic repulsion. (ii) In the 

same fashion the alkyl portion in MEA enhanced the 

hydrophobicity of the system through van der Waals 

interactions [28] among the hydrophobic/solvophobic groups 

thus promoting aggregation with a noticeable decrease in the 

values of Cmx Similar trend upon the addition of some 

organic solvents to Gemini surfactant was reported in 

literature [29] 

Table 1. The solution mole fraction (α), critical micelle concentration (Cmx) 

micellar composition (χ1), interaction parameter (βmx), and activity 
coefficients (fTTABr, fCTABr) of TTABr-CTABr in 0.0 v/v% MEA. 

α Cmx (mM) χ1 -βmx fTTABr fCTABr 

 298.1 K     

0.1 0.868 0.111 1.925 0.219 0.977 

0.2 0.943 0.139 1.313 0.379 0.975 

0.3 0.995 0.190 1.253 0.439 0.956 

0.4 1.016 0.255 1.456 0.446 0.909 

0.5 1.113 0.296 1.262 0.536 0.895 

0.6 1.179 0.363 1.487 0.547 0.822 

 303.1 K     

0.1 0.894 0.093 1.597 0.269 0.987 

0.2 0.959 0.130 1.169 0.413 0.980 

0.3 1.010 0.183 1.152 0.464 0.962 

0.4 1.062 0.240 1.217 0.496 0.932 

0.5 1.149 0.293 1.198 0.549 0.902 

0.6 1.259 0.351 1.199 0.606 0.863 

 308.1 K     

α Cmx (mM) χ1 -βmx fTTABr fCTABr 

0.1 0.918 0.076 1.263 0.339 0.993 

0.2 1.018 0.090 0.533 0.633 0.996 

0.3 1.058 0.159 0.826 0.558 0.979 

0.4 1.082 0.233 1.113 0.519 0.941 

0.5 1.206 0.278 0.959 0.607 0.929 

0.6 1.284 0.347 1.121 0.622 0.875 

 313.1 K     

0.1 0.946 0.052 0.754 0.508 0.946 

0.2 1.029 0.083 0.434 0.695 0.997 

0.3 1.072 0.152 0.727 0.593 0.983 

0.4 1.109 0.224 0.977 0.555 0.952 

0.5 1.213 0.276 0.928 0.615 0.932 

0.6 1.308 0.343 1.034 0.640 0.885 

Table 2. The solution mole fraction (α), critical micelle concentration (Cmx) 

micellar composition (χ1), interaction parameter (βmx), and activity 

coefficients (fTTABr, fCTABr) of TTABr-CTABr in 0.2 v/v% MEA. 

α Cmx (mM) χ1 -βmx fTTABr fCTABr 

 298.1 K     

0.1 0.598 0.234 4.501 0.072 0.781 

0.2 0.626 0.268 3.804 0.131 0.760 

0.3 0.762 0.273 2.739 0.235 0.816 

0.4 0.707 0.331 3.196 0.293 0.705 

0.5 0.705 0.371 3.281 0.273 0.637 

0.6 - - - - - 

 303.1 K     

0.1 0.546 0.251 4.995 0.061 0.729 

0.2 0.571 0.284 4.261 0.113 0.709 

0.3 0.682 0.295 3.289 0.195 0.752 

0.4 0.643 0.343 3.623 0.209 0.652 

0.5 0.639 0.368 3.168 0.282 0.651 

0.6 - - - - - 

 308.1 K     

0.1 0.512 0.262 5.332 0.055 0.694 

0.2 0.553 0.289 4.422 0.107 0.691 

0.3 0.618 0.310 3.757 0.167 0.697 

0.4 0.557 0.359 4.247 0.174 0.579 

0.5 0.526 0.384 3.911 0.227 0.561 

0.6 - - - - - 

 313.1 K     

0.1 0.455 0.279 5.927 0.046 0.611 

0.2 0.462 0.321 5.643 0.074 0.558 

3 0.558 0.324 4.235 0.145 0.641 

0.4 0.679 0.367 3.377 0.226 0.682 

0.5 0.744 0.337 3.149 0.284 0.654 

0.6 - - - - - 

However, an increase in the values of Cmx which was 

linear with an increase in the solution mole fraction (αi) was 

noticed in both media as a result of an increase in the bulk 

concentration of the mixed surfactants in the solution. This 

resulted into more electrostatic repulsion by virtue of an 

increase in the surface charge density at the mixed micellar 

interface (corolla). Furthermore, an increase in αi also 

resulted into a decrease in the concentration of the more 

surface active constituents (CTABr) which has a higher 

inclination to micelle formation due to its longer hydrocarbon 

chain [29-30]. These effects were however, beclouded in AQ-

MEA system as a result of the solvent characteristics, and the 
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extent to which they were non-ideal could be found in Figure 

1 which illustrated the comparison at 298.1 K. 

An increase in the Cmx values was also the trend as the 

temperature of the system was increasing (Tables 1 and 2). 

De-solvated hydrophilic group favours aggregation and a 

decrease in hydration through the disruption of the structure 

of water in the vicinity of the hydrophobic parts opposes 

micellization. The predominance of these factors determines 

the trend of the critical micelle concentration [15] In this 

study, the results showed that the second factor was 

responsible for the values obtained in AQ, as a shift in 

equilibrium (monomer 	⇌ mix-micelle) in favour of the 

reactant [31] at elevated temperature was noticed (Table 1), 

while the first factor came to play in AQ-MEA as the 

temperature was increasing (Table 2) owing to solvophobic 

effect [32]. 

 

Figure 2. The plot of Cmx of TTABr-CTABr in AQ, AQ-MEA as a function of 

mole fraction of at 298.1 K. 

The theoretical critical micelle concentration of the ideal 

mixture of TTABr and CTABr (������ can be calculated 

with the aid of Clint’s equation [33) 

�

�����
	� 	∑

��

����

���
���                              (1) 

Where αi is the bulk mole fraction of the ith monomeric 

components, CMCi, its critical micelle concentrations of the 

pure forms (TTABr and CTABr) and CMC
id

, the critical 

micelle concentration for the ideal mixture. 

However, in view of the departure from ideal system 

((Figure 1), Clint’s equation was modified by Rubingh [34] 

with an inclusion of the activity coefficient (��� to Eq. 1 in 

order to account for the nature and the degree of interactions 

which led to non-ideality in the micelle mixture, and was 

calculated using these equations, 

�  !"# � exp	'(�
)1 � +��,
�                 (2) 

�� !"# � exp)(�
+�
�	�                     (3) 

Where �  !"# , �� !"#  are the activity coefficients for the 

first component (TTABr) and second component (CTABr) in 

the mixed micelle. 

Equation 3 was iteratively solved to obtain the values of 

the micellar mole fraction (χ1) of component one (TTABr) in 

the mixture, which in turn was used to evaluate the molecular 

interaction parameters ( (�
� . The values of (�
 

(dimensionless) give information as regards the direction and 

the magnitude of association between the two surfactants that 

forms the mixed-micelle. A negative (βmx<0) and positive 

(βmx>0) values of beta indicate attractive or repulsive 

interactions between the molecules of the surfactants 

respectively, while an interaction parameter of zero (βmx=0) 

is an indication of no reaction possibly due to hydrophobic/ 

hydrophilic mismatch [35] 

-.	
/	01	)�.�23/���.-.�

)�5-.�
/01	'�23)�5�.�/���/)�5-.�,

	� 1                 (4) 

(�
 �	
01	')�.623�/)6�6.	-.�,

)�5	-.�
/

                        (5) 

CMC1, CMC2, are the theoretical critical micelle 

concentration for TTABr and CTABr respectively. 

3.2. Composition (χ1), Interaction Parameters (789�, and 

Activity Coefficients (:;;<=>,	:@;<=>� of Mixed-micelles 

Analyses of mixed micellar composition has been reported 

in aqueous medium to be dominated by the micelle of the 

surfactant with longer chain length [36-37]. In this work, the 

composition of the mixed micelle obtained upon further 

characterization due to non-ideality revealed that the micelle 

of CTABr was dominant in AQ and AQ-MEA media, and the 

values were both composition and temperature dependent 

(Tables 1-2). This behaviour was extensively discussed in 

literature [35, 38, 39]. Nonetheless, in contrast to the trend in 

AQ medium the values of χ1 were found to increase with an 

increase in temperature in MEA. It was obvious from the 

results that the mixed micelles contained larger fraction of 

the more surface active, and longer chain length surfactant 

(CTABr) over the whole range of compositions studied in 

both media. Literature showed some semblance to these 

findings [11, 36]. 

The results of the non-ideal behaviour associated with 

cooperative molecular interaction (synergism) was obtained 

from equation 4 and also included in Tables 1 and 2 for AQ 

and AQ-MEA respectively. The negative values obtained was 

an indication of attractive interactions between the two 

cationic surfactants that formed the mixed-micelles, with the 

more surface active (CTABr) being the first to aggregate. The 

stepwise insertion of the micelles of TTABr into the existing 

micelles of CTABr was discovered to be accompanied by 

favourable attractive forces This synergistic interactions, an 

indication of a more compact cluster aggregates [40]. The 

values of the (�
  were negative at any given temperature, 

but retardation in the mixed micelle formation was also 

collaborated with a decrease in the interaction parameter 

(βmx). as synergism became smaller in magnitude with an 

increase in temperature and composition (αTTABr) in aqueous 
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medium. This may be due to the crowdedness of the polar 

head group at the aggregated surface. Nonetheless, this effect 

was restrained upon the addition of MEA as the values of 

βmx. 

became increasingly more negative (Table 2). This 

increased synergism could be linked to the ability of MEA to 

act as a spacer thereby stabilizing the mixed-micelles by 

reducing the electrostatic repulsion at the surface, which was 

achieved [14] through electro-neutralization of the polar head 

groups at the stern layer by the counter-ion (Br
-
.) However, 

an overall maximum cooperative (synergism) association was 

found when the mole ratio of TTABr to CTABr was at 

0.1:0.9. 

All the values of activity coefficient were less than unity, 

with fTTABr << fCTABr, an indication that further collaborated 

non-ideality. 

3.3. Thermodynamics of Mixed-Micelles 

The feasibility of the micellization process with and 

without the organic co-solvent was examined by determining 

the relevant thermodynamic quantities using the phase 

separation model [34] In accordance with the regular solution 

theory, the relationship between the excess free energy (AB� 

the excess enthalpy (CB�  and the changes in Gibb’s free 

energy and enthalpy of micellization are given by 

AB � CB � DC�
 � EF	+�	G�  !"# + )1 − +�)	G�� !"#)      (6) 

∆A�
 = EF(+� ln(+��  !"#) + (1 − +�) ln(1 − +�) �� !"#  (7) 

The entropy change for the micellization process was 

obtained from the relation; 

∆L�
 =	
�

 
	(∆C�
 − ∆A�
)                     (8) 

The results of energetics of reaction showed that the 

micellization process was thermodynamically feasible 

(Tables 3 and 4). 

Table 3. Thermodynamic Behaviour of Micellization of TTABr-CTABr in 0.0 

v/v% MEA. 

α 
Cmx 

(mM) 

−∆M89

NO8PQ5R
 

−∆S89

NO8PQ5R
 

∆T89

O8PQ5RN5R 

 298.1 K    

0.1 0.868 1.333 0.469 2.898 

0.2 0.943 1.387 0.388 3.352 
0.3 0.995 1.683 0.478 4.042 

0.4 1.016 2.094 0.686 4.720 
0.5 1.113 2.157 0.651 5.050 

0.6 1.179 2.476 0.852 5.447 

 303.1 K    
0.1 0.894 1.110 0.331 2.573 

0.2 0.959 1.308 0.334 3.212 

0.3 1.010 1.633 0.433 3.957 
0.4 1.062 1.048 0.559 4.482 

0.5 1.149 2.151 0.627 5.028 

0.6 1.259 2.321 0.688 5.388 
 308.1 K    

0.1 0.918 0.916 0.227 2.236 

0.2 1.018 0.889 0.115 2.516 
0.3 1.058 1.405 0.283 3.642 

0.4 1.082 1.902 0.511 4.513 

0.5 1.206 2.031 0.492 4.914 

α 
Cmx 

(mM) 

−∆M89

NO8PQ5R
 

−∆S89

NO8PQ5R
 

∆T89

O8PQ5RN5R 

0.6 1.284 2.299 0.645 5.346 
 313.1 K    

0.1 0.946 0.629 0.096 1.699 

0.2 1.029 0.830 0.086 2.378 
0.3 1.072 1.354 0.245 3.543 

0.4 1.109 1.827 0.443 4.442 

0.5 1.213 2.016 0.482 4.898 
0.6 1.308 2.281 0.607 5.346 

Table 4. Thermodynamic Behaviour of Micellization of TTABr-CTABr in 0.2 

v/v% MEA. 

α 
Cmx 

(mM) 

−∆M89

NO8PQ5R
 

−∆S89

NO8PQ5R
 

∆T89

O8PQ5RN5R 

 298.1 K    

0.1 0.598 3.344 1.995 4.523 
0.2 0.626 3.289 1.848 4 833 

0.3 0.762 2.799 1.346 4.874 

0.4 0.707 3.327 1.754 5.279 
0.5 0.705 3.536 1.902 5.486 

0.6 - - - - 

 303.1 K    
0.1 0.546 3.785 2.366 4.684 

0.2 0.571 3.685 2.181 4.961 

0.3 0.682 3.250 1.722 5.043 
0.4 0.643 3.682 2.061 5.346 

0.5 0.639 3.515 1.857 5.469 

0.6 - - - - 
 308.1 K    

0.1 0.512 4.110 2.637 4.782 

0.2 0.553 3.868 2.328 4.999 
0.3 0.618 3.645 2.059 5.147 

0.4 0.557 4.178 2.505 5.428 

0.5 0.526 4.077 2.371 5.537 
0.6 - - - - 

 313.1 K    

0.1 0.455 4.642 3.100 4.922 
0.2 0.462 4.841 3.207 5.218 

0.3 0.558 4.051 2.411 5.237 

0.4 0.679 3.629 1.965 5.313 
0.5 0.744 3.617 1.904 5.469 

0.6 - - - - 

All the values of the thermodynamics parameters showed 

that the process of micellization was spontaneous and 

thermodynamically feasible in AQ, and AQ-MEA (Tables 3, 

4), with aggregation being more spontaneous in the later at 

elevated temperature. The values of ∆A�
  and ∆L�
  were 

all negative and positive respectively. The increased 

randomness displayed in AQ-MEA was a clear indication of 

increased hydrophobic interactions between the quaternary 

amine cationic surfactants and the continuous liberation of 

water molecule during the process of concealment of the 

hydrocarbon tail both from the surfactants and the organic 

solvent into the interior of the mixed-micelles, hence the 

process became increasingly entropy driven. In AQ-MEA 

the exothermicity of the process was at the optimum when 

the temperature was raised, due to continuous bond broken 

and bond formation of the three dimensional structure of 

water. 

4. Conclusion 

The surfactants mixture investigated have the same head 

group, hence, results obtained clearly displayed non-ideality 
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due to tail-tail interactions, and contribution from the co-

solvent. There were more synergistic interactions in the 

mixed state when the reaction medium was reinforced with 

MEA, a situation that led to further departure from ideal 

state. MEA contributed positively to the micellization 

process of TTABr-CTABr as the organic group in the 

structure augmented hydrophobic interaction especially at 

higher temperature. Nevertheless, our findings showed that 

TTABr-CTABr MEA mixed micelles did not cooperate 

beyond 0.5 mole fraction, and an attempt to increase its 

percentage led to non aggregation. The mixed micelle is cost 

effective especially at 0.1: 0.9 TTABr-CTABr. With the aid 

of appropriate models, the properties of mixed cationic 

surfactants could be improved with the use of MEA. 
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