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Abstract
The aggregation behavior was investigated in mixtures of sodium dodecyl sulfate (SDS) 
and cetyltrimethylammonium bromide (CTAB) (anionic-rich catanionic) solutions. The 
study was conducted in solutions of water–ethylene glycol (EG) by means of surface ten-
sion, conductometry, cyclic voltammetry, zeta potential measurements, transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS) techniques. The degree of 
counterion dissociation (α), critical micelle concentration, aggregation numbers, interfacial 
properties, interparticle interaction parameters, and morphology of aggregates were deter-
mined. Based on regular solution theory, the cosolvent effects between SDS and CTAB as 
surfactants were also analyzed for both mixed monolayers at mixed micelles (βM) and the 
air/liquid interface (βσ). It was shown that the formation of large aggregates occurred in the 
presence of an excess of anionic surfactant. A phase transition from cylindrical micelles 
to spherical micelles in the anionic-rich regime was observed with an increase in the EG 
volume fraction. The inter particle interactions were assessed in terms of cosolvent effects 
on the micellar surface charge density and the cylindrical-to-spherical morphology change. 
Zeta potential and size of the aggregates were determined using dynamic light scattering 
and confirmed the models suggested for the processes taking place in each system.

Keywords  Anionic-rich region · Zeta potential · Dynamic light scattering · Cyclic 
voltammetry
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List of Symbols
CMC or C1	� Corresponds to the formation of large micellar aggregates
C2	� Refers to phase transition from large aggregates to normal micelles
α	� Degree of counterion dissociation
Δα	� Difference in degree of counterion dissociation
ip	� Cathodic peak current
Γmax	� Surface excess concentration
Amin	� Minimum area per head group
Aexp	� The corrected term is Amin
Aideal	� Ideal mixing values
λmax	� Maximum absorption wavelength
βM	� Interaction parameter for mixed micelle
βσ	� Interaction parameter for mixed monolayer formation
Dagg	� Diffusion coefficient in aggregates
kd	� Interparticle interaction parameter

1  Introduction

Undoubtedly, surfactants have important roles in most areas, including cosmetics, deter-
gents, electrochemistry, floatation agents, drug delivery, etc. [1], as well as diverse indus-
trial applications. The chemical and surface-active properties of surfactant mixtures are 
superior to those of the individual surfactants [2–4]; hence, for a given application, lower 
amounts of surfactants are required. The understanding of the interactions among sur-
factants in the mixtures is the key to taking advantage of such beneficial effects. Colloidal 
behaviors such as micellization and surface adsorption are markedly different from those in 
single surfactant systems. In a system of mixed surfactants with non-ideal mixing effects in 
their aggregates, various micellar properties exhibit synergism or cooperative interaction 
[5, 6]. This cooperative interaction or synergism is usually attributed to non-ideal mix-
ing effects in their aggregates and modeled in the literature by employing regular solution 
theory (RST) with a negative interaction parameter [7–9]. The electrostatic interactions (in 
aqueous media) between positive and negative groups, in mixtures of anionic and cationic 
surfactants, give these systems many unique properties.

In comparison with the amount of work done on physical and chemical properties of 
surfactants in water and a polar solvent, study of surfactants in polar nonaqueous solvents 
and their mixtures with water is a rather limited field. Changing the solvent quality pro-
vides the opportunity to study the role of the so-called solvophobic effect as opposed to 
the hydrophobic effect in micellization [10]. The increasing use of surfactants in applica-
tions that require water-free or water-poor media makes this type of research more inter-
esting [11]. Ethylene glycol (EG) with many water-like characteristics, is one of the most 
interesting solvents. This small molecule, with the ability to form hydrogen-bonded net-
works, is very similar to water although it has a completely different molecular structure. 
EG has a fairly high dielectric constant and high cohesive energy. These studies on the 
relation between the micellization process and liquid structure can lead to a better under-
standing of this type of process [12]. In the case of mixtures of alkyltrimethylammonium 
bromides and alkylpyridinium bromides, the intermolecular interactions were investigated 
in aggregates and mixed monolayers [13]. Based on this study, it was found that in com-
parison with mixed monolayers at the air/solution interface, the attractive interactions in 
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mixed aggregates are even weaker. In addition, by studying the effect of a cosolvent on 
the behavior of anionic/cationic surfactant mixtures, in the presence of an excess of cati-
onic surfactant [14], the percentage of cosolvent variation was evaluated as an effective 
tool for tuning intra-aggregate interaction. The cosolvent content can induce a transition 
between micelle and vesicle or a change the morphology in catanionic systems. Based on 
these results a powerful synergism in these catanionic mixtures in both the aggregate and 
monolayer states was observed. In another work, the mixtures of SDS with CTAB were 
studied as catanionic micelles. In this study, by means of variation in the CTAB or SDS 
concentrations in both rich cationic or anionic solutions, the changes in viscosity and the 
self-diffusion coefficient were monitored and a transition from vesicle shapes (microstruc-
tures phase) to mixed micelles (nanostructures) was observed [15].

In the present work, for the first time, to our best knowledge, the cosolvent effect on 
phase behavior and spontaneous super-molecular structures formation in anionic/cationic 
mixtures with an extra amount of anionic surfactant are being reported. Here, the interac-
tion of SDS with CTAB surfactants has been studied comprehensively using surface ten-
sion, conductometry, cyclic voltammetry, zeta potential measurements, transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS) techniques. A combination 
of techniques provides important information about the structure, morphology, and phase 
behavior in these systems.

2 � Experimental Section

2.1 � Materials and Sample Preparation

Sodium dodecyl sulfate (SDS, Merck, 99% pure) and cetyltrimethylammonium bromide 
(CTAB, Sigma–Aldrich, 99% pure), and ethylene glycol (EG, Merck, 99% pure), were 
used to prepare stock solutions in pure water and EG–water mixtures. Different ratios of 
aqueous solutions of the individual surfactants (SDS/CTAB) were prepared using double-
distilled water (10 mmol·L−1 of CTBA and SDS were prepared separately and then were 
mixed for different ratios). All samples were prepared on the day that the measurements 
were carried out (in a thermostatted bath at 298.15 K and the calculated accuracy of tem-
perature was lower than 0.1 K). The mixtures of cationic/anionic surfactants easily formed 
precipitates in aqueous solution due to their strong interactions. Hence, the experiments 
were conducted in the anionic-rich region. Ferrocene (Sigma–Aldrich, 98% pure) and 
(2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO, Merck, 99% pure) were also used 
without recrystallization.

2.2 � Methods

2.2.1 � Surface Tension Measurements

Surface tension measurements were conducted using a tensiometer (Krüss K12) by the ring 
method under atmospheric pressure [14]. Before each measurement a clean, flame-dried, 
platinum ring was vertically dipped and pulled into/out of the liquid and the maximum 
required force to pull the ring from the interface was calculated as the surface tension,  
γ (mN·m−1). The tensiometer was calibrated at 298.15 K with pure water and the clean-
liness of the glassware had been checked. In all cases, more than three successive 
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measurements were carried out, and the standard deviation did not exceed ± 0.1 mN·m−1. 
The temperature was controlled within ± 0.1 K by circulating thermostated water through 
the jacketed glass cell. The sample solution was continuously stirred using a magnetic stir-
rer. The uncertainty of the measurements is ± 0.1 mN·m−1.

2.2.2 � Electrical Conductivity Measurements

Conductivity measurements were carried out at 298.15 K with a Metrohm conductometer 
(model 771). The conductivity cell (Tacussel, France, XE 100) was made of two square 
platinum electrodes embedded in glass. The cell was immersed in the surfactant solution 
that was kept in a double-walled temperature-controlled glass container. After any injec-
tion, the solution was stirred and allowed to equilibrate for 10 min, and then three succes-
sive measurements of specific conductivity were performed. The uncertainty of the meas-
urements is ± 0.01 μS·cm−1.

2.2.3 � Voltammetry Measurements

Electrochemical measurements were performed at 298.15  K using a Biologic potentio-
stat (VSP300), with electro-active probes of (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl 
(TEMPO) and ferrocene, a three-electrode system composed of an Ag/AgCl reference 
electrode, a platinum disk electrode (0.0314  cm2) as the working electrode, and a plati-
num foil (2 cm2) as the counter electrode, for CV measurements. All solutions were pre-
pared to a final volume of 25 mL, containing 0.1 mol·L−1 KCl, 0.001 mol·L−1 ferrocene, 
0.002 mol·L−1 TEMPO, and different concentrations of surfactants. Due to the insolubility 
of ferrocene in water, ferrocene was first dissolved in ethanol and then small volume of the 
resulting ethanol solution was added to the aqueous surfactant solution. The small volume 
of the ethanol solution to the final solution volume indicates that the effect of ethanol was 
negligible. After every measurement, surfaces of the working and counter electrodes were 
carefully cleaned by abrasion and washing with nitric acid. Electrodes were plunged in 
solutions for 10 min, and then voltammograms were recorded for each solution with a scan 
rate of 100 mV·s−1, and the fifth cycles were saved.

2.2.4 � TEM, DLS, and Zeta Potential Measurements

The DLS and Zeta potential measurements were conducted with a Zetasizer Nano (Mal-
vern, MRK825-02, UK). The DLS instrument was calibrated against NIST-traceable par-
ticle size standards (Polysciences, Inc. USA). Solutions were prepared and rendered to 
the operator. TEM images were recorded with a Philips CM 120 (120 kV). Samples were 
drop-casted on carbon coated grids and after solvent vaporization the micrographs were 
captured.

3 � Results and Discussion

3.1 � CMC and Interfacial Properties

The surface tension and conductivity measurements as illustrated in Fig.  1a and b are 
typical plots for the SDS/CTAB mixture (in the anionic-rich regime) in aqueous mixtures 
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of EG. At the point where micelles began to form, the surface tension (Fig. 1a) shows a 
clear break. That is, the concentration corresponding to the break in the curve indicates 
the CMC of each binary combination of the SDS/CTAB mixture. However, the conductiv-
ity behavior of the SDS/CTAB mixture in the anionic-rich regime (Fig. 1b) differed from 
that of the surfactants in the pure state or their mixture in the cationic regime [14]. The 
conductivity curve in Fig. 1b included two break points in C1 and C2 (three distinct parts). 
In the SDS/CTAB mixed system, at a total concentration exceeding C1 (regime II), the con-
ductivity remained almost constant as the concentration increased. This plateau most likely 
corresponds to formation of large aggregates and micellar growth due to strong interactions 
between them. In regime III, the solution conductivity increased as the total concentration 
increased. Break point C2 is referred to as the phase transition from large aggregates to nor-
mal micelles. The C1 and C2 values are given in Table 1. However, the surface tension plot 
(see Fig. 1a) shows a dip at around the same value where there was a break in the conduct-
ance (see Fig. 1b). This break may be due to formation of a second state of aggregation, 
which arises because of a change in the micelle shape. This shape change was also evident 
in the data from DLS measurements (Table 3). For all the combinations (in the anionic-rich 
regime) of the binary SDS/CTAB mixtures a second CMC was obtained.

The CMC, C1, and C2 values for different combinations of the binary SDS/CTAB mix-
tures (in the anionic-rich regime) in aqueous mixtures of EG are shown in Table 1. The 
CMC or C1 corresponds to the formation of large micellar aggregates because of strong 
synergism between them. Whereas, the second states of aggregation represented by C2 
is due to structural transformations at surfactant concentration well above the first CMC. 
Such micellar transitions for catanionic surfactant systems have been reported by other 
groups [14–17].

It can be seen in Fig. 1b that the slopes of conductivity versus C of the linear region 
above C1 and C2 are smaller than those below C1. This is a consequence of counterion 
binding at the surface of the micellar aggregates. In other words, there is an effective loss 
of ionic charges since a number of counterion are confined to the micelle surface. The 
degree of counterion dissociation, α, corresponds to the average number of counterions/
surfactant ions that dissociate from the micelle. This parameter can be estimated from 
the ratio between the slopes of the curves above and below the CMC (William’s method) 
[18–20]. Values of α1 and α2 are calculated from the ratio of slopes of II/I and III/II, 

Fig. 1   a Plot of the surface tension and b plot of the specific conductivity versus the total concentration in 
solution of water and EG (XEG = 0.1, αSDS/CTAB = 98:2) at 298.15 ± 0.1 K
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respectively. The values of α1 and α2 at various volume fractions of EG are listed in Table 1 
for different SDS/CTAB anionic-rich mixtures. The increases observed in the α value as 
the EG volume fraction increased are probably due to the decreases in the charge density at 
the micellar surface, resulting from the decreases in the aggregation number in the aggre-
gates. The phase transition from large aggregates to normal micelles is revealed by the 
values of Δα. These results are in agreement with previous findings [6, 21].

Previously the effect of increasing the content of EG in the solution on the α and CMC 
was explained by studying the effects of dielectric constant in the medium [22]. Addition of 
EG affects both the interactions between hydrophobic groups and the interactions between 
hydrophilic groups in the surfactants. The dielectric constant of EG is much lower than that 
of water, so addition of EG to water will lower the dielectric constant of the mixed solvent. 
Therefore, addition of EG to aqueous solutions renders the hydrophobic effect of the catan-
ionic surfactant molecules weaker. On the one hand, this is a disadvantage for micelle for-
mation. On the other hand, addition of EG strengthens the attractive electrostatic interac-
tion between their two oppositely charged polar groups, and consequently is an advantage 
for micelle formation. In SDS/CTAB mixtures, as a result, the competing effect of hydro-
phobic and electrostatic interactions on CMC offset each other due to EG addition, leading 
to only a small increase in the CMC values in the anionic-rich regime. The CMC values 
of SDS/CTAB mixtures decreased via addition of EG in the cationic-rich regime [14]. It 
can be seen that the presence of EG in the bulk phase affects the micellization process of 
the SDS/CTAB, pure CTAB and SDS systems. An increase in the volume fraction of EG 
causes the micellization process to occur less spontaneously. This can be understood on the 
basis of a reduction in the solvophobic interactions caused by improved solvation in the 
presence of EG, which leads to an increase in the solubility of the hydrocarbon tails and 
electrostatic repulsion between head groups (in ionic systems), which result in an increase 
in the CMC.

There are reports on the direct use of an electroactive probe’s peak current (ip) to 
determine the diffusion coefficients and, consequently, the sizes of the aggregates [14]. 
The variation in the ip parameter after changing the concentration ratio of surfactant 
from 98:2 to 92:8 SDS/CTAB mixtures is presented in Fig. 2. Initially, addition of small 
quantities of surfactant mixture resulted in a small change in the ip value, due to very 
weak interactions between the electroactive probe and the monomeric surfactant [23, 
24]. These interactions are found to be a result of the weak hydrophobic environment 
available for solubilization of the probe. A further increase in the surfactant concentra-
tion leads to micelle formation, which facilitates the solubilization of the electroactive 

Fig. 2   The effect from chang-
ing the total concentration for 
mixed solutions of SDS and 
CTAB in aqueous solutions 
(XEG = 0) on the peak current at 
298.15 ± 0.1 K: (Open square), 
92:8 SDS/CTAB; (Filled square), 
98:2 SDS/CTAB
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probe. The TEMPO in the micellar phase instantaneously reduces ip, which therefore 
tends to a negligible constant value. C1 and C2 values were obtained from a plot of ip 
versus total surfactant concentration (Table  1). These values agreed with the conduc-
tometry results. In CV measurements, addition of supporting electrolyte does not signif-
icantly change the CMC values. These results are in agreement with previous findings 
[25]. For the 98:2 SDS/CTAB mixture, a discontinuity in the ip versus concentration 
plot was observed. This discontinuity corresponded to the value of C1 of this system. 
However, for the 92:8 SDS/CTAB mixtures, two discontinuities in the ip versus concen-
tration plot were observed. These discontinuities correspond to C1 and C2 of this system 
(in agreement with the results of the conductometry measurements). Cyclic voltammo-
grams for the one-electron oxidation of TEMPO in SDS/CTAB for potential range of 
0.0–0.8 V are given in Fig. SM1.

The ip value (from CV studies) for an electroactive redox probe was calculated by the 
Randles–Sevcik equation [26].

where n is the number of electrons involved in oxidation or reduction, A is the area of the 
electrode (A was determined by the method described in the supporting materials (SM1)), 
F is Faraday’s constant, R is the gas constant, T is the absolute temperature, D is the diffu-
sion coefficient of the TEMPO probe, C is the TEMPO concentration in the solution, and ν 
is the scan rate. By assuming that the peak currents of the micellar probe and free probe are 
independent, while the probe is distributed between the micelles and the bulk phase, Eq. 3 
was used as follows:

where D is the observed diffusion coefficient in the micellar system, Df and Dm are the 
TEMPO diffusion coefficients in the bulk and micelle phases, respectively. The micelle 
self-diffusion coefficient is monitored based on the cyclic voltammograms for the one-
electron oxidation of ferrocene, which can be assumed to be completely solubilized in 
the micellar phase. The solution of Eq. 3 yielded the partition coefficient (K) of TEMPO 
between the bulk and micellar phases. It was found that the K value is about 1.3 × 107 and 
4.5 × 104 L·mol−1 for 98:2 and 92:8 SDS/CTAB, respectively, in the CMC region. No sharp 
variation in solubility may be explained by the size and shape of aggregates that are almost 
constant. The present results are consistent with findings of previous studies, that have 
shown the probe is sensitive to the surfactant concentration, and can mirror the changes 
taking place within the structure of the aggregates [27]. It is not possible to perform CV 
measurements for SDS/CTAB mixtures in water–EG solutions. This is due to an overlap in 
the cyclic voltammograms for EG and TEMPO.

The Gibbs equation at diluted solutions is considered as an effective method for 
determination of surface excess concentration, Γmax, at the air–liquid interface of sur-
factant adsorption [21]:

(1)

(2)ip = 0.4463FACn
(
nFvD

RT

) 1

2

(3)D1∕2 =
ip

0.4463F3∕2ACn3∕2R−1T−1�1∕2
=

D
1∕2
m KN−1

agg
(C − CMC) + D

1∕2

f

1 + KN−1
agg

(C − CMC)
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Here, R, T, C, γ and n are gas constant, temperature (K), the concentration of surfactant, the 
surface tension, and the number of formed species from dissociation per monomer, respec-
tively. The minimum area per head group (Amin) for surfactant molecules at the CMC at the 
saturated interface was obtained by the following equation [21]:

The Γmax value was calculated by a curve fitting of the plot of γ versus log10 C and NA is 
Avogadro’s number. The curve fitting was conducted by means of a polynomial equation (PE: 
y = ax2+ bx + C). Then, the parameters of Γmax (at the CMC) were calculated by determining 
the slope of the tangent [27]. The fits have R2 (regression coefficient) values between 0.9 and 
0.99. As the Table 1 shows upon increasing the EG concentration, the values of Γmax for SDS/
CTAB mixtures change uniformly. Several factors can be listed for the observed decrease in 
Γmax which can be attributed to (1) the presence of EG at the interface, (2) the interaction 
between EG and the surfactant, and (3) a change in the water structure due to addition of EG 
[28]. Likely, with increasing the amount of EG, Amin shows an inverse behavior with respect to 
Γmax (Table 1). Moreover, the small value of Amin (calculated in pure surfactant solutions) indi-
cates that the air–liquid interface was closely packed, and the molecules of surfactant at this 
interface are oriented perpendicularly to the interface (Fig. SM2). The explanation proposed 
for the high Amin values in the SDS/CTAB mixtures, is the presence of the anionic–cationic 
ion pairs of surfactant (or at least a portion of them) on the surface (Fig. SM2). The ideal mix-
ing values, Aideal, that are presented in Table 1, result from a calculation from of the equation: 
Aideal= Z1A1+ (1–Z1)A2, where Z1 is the mole fraction of component 1 in the mixed monolayer, 
and A1 and A2 are the minimum area per molecule of SDS and CTAB, respectively. In spite of 
the strong synergism between Amin and Aideal, the experimental values for Amin, are larger than 
Aideal. It is possible that there is some ion pair formation. van der Waals self-attraction between 
the hydrophobic portions of each SDS molecule, before mixing, can potentially be reduced 
upon mixing with CTAB.

3.2 � Interaction Between Surfactants in the Aggregated Phase and at the Liquid–Air 
Monolayer Interface

Using a model (developed by Rubingh et al. [29–31]), as a regular solution for determina-
tion of β parameters in binary systems, gives us an evaluation of the nature and strength of 
the interactions between two surfactants.

The following equations were used to calculate the βM interaction parameter for mixed 
micelle in our aqueous medium [32]:

(4)�max =
−1

2.303nRT

[
d�

d log10 C

]

T ,P

(5)Amin =
1018

NA�max

(
nm2

⋅molecule−1
)

(6)
(XM

1
)2 log10(�1C

M
12
∕X1C

M
1
)

(1 − XM
1
)2 log10

[
(1 − �1)

]
CM
12
∕(1 − XM

1
)CM

2
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where at the mole fraction α1, XM
1

 , CM
1

 , CM
2

 , and CM
12

 are the total mole fraction of sur-
factant 1 in the mixed micelle and the CMCs for surfactant 1, surfactant 2, and their mix-
ture, respectively.

Using the following equations at the aqueous solution/air interface, the interaction 
parameter for mixed monolayer formation βσ, is calculated [30–32]:

Here, in a surfactant-only basis and in the total mixed monolayer, the mole fraction of 
surfactant 1 is represented by Z1, and in the solution phases, the molar concentrations of 
surfactant 1, surfactant 2, and their mixture, are C0

1
 , C0

2
 , and C12, respectively, required to 

produce a given γ value (at mole fraction Z1 of surfactant 1). In these experiments, the C1, 
C2, and C12 values were determined corresponding to a surface tension of γ = 34.5 mN·m−1. 
In order to evaluate Z1, Eq. 8 was numerically solved and then substituted into Eq. 9 for the 
calculation of βσ. The interaction parameter calculated through Eqs. 7 and 9, according to 
the Rubingh model (Table SM1), must be independent of composition of the micelles. But, 
through the application of this model, �M , a composition-dependent interaction parameter, 
is yielded. The calculated values for �M

ave
 are presented in Table 2. This ||�Mave|| value, for dif-

ferent degrees of nonideality of this interaction in mixed micelles, can shed light on the 
strength of the degree of interaction between two surfactants. Strong attractive interaction 
between SDS and CTAB can be inferred from a large negative values of �M . As the results 
in Table 2 show, the ||�Mave|| slightly decrease after addition of EG, which can be attributed 
to the structure-breaking nature of EG in water and a reduction in the hydrophobic inter-
actions, which are the main driving forces for mixed micellization. Moreover, at higher 
volume of EG, the ||�Mave|| value also increases, which can be attributed to the electrostatic 
attraction increase upon mixing between the two polar ionic head groups with opposite 
charges of SDS and CTAB. Interestingly, in cationic-rich regime mixtures of ionic/non-
ionic or SDS/CTAB, the ||�Mave|| values show the same trend in (after increasing EG content 
for SDS/CTAB) [33] and [14]. The behaviors of ||�Mave|| and ||��ave|| after EG addition have 
similar patterns (Table 2). Here, the interaction parameter ||��ave|| , shows a minimum upon 
increasing the volume percentage of EG (from 0% to 40%). As the EG is added to the solu-
tion (XEG = 0.1), the value of ||��ave|| decreases. The initial decrease in ||��ave|| as EG (XEG = 0.1) 
added to the aqueous solution is attributed to a reduction in the attractive van der Waals 

(8)
Z2
1
log10(�1C12Z1C

0
1
)

(1 − Z1)
2 log10

[
(1 − �1)

]
C12∕(1 − Z1)C

0
2

= 1

(9)�� =
log10(�1C12∕Z1C

0
1
)

(1 − Z1)
2

Table 2   Cosolvent effect on �M
ave

 
and ��

ave
 values

The values in parentheses obtained from [14]

XEG �M
ave

��
ave

��
ave

− �M
ave

0 − 16.56 (− 7.86) − 18.31 (− 8.26) − 1.75 (− 0.4)
0.1 − 13.21 (− 6.92) − 13.96 (− 5.80) − 0.75 (− 1.12)
0.2 − 13.37 (− 11.91) − 14.17 (− 12.70) − 0.80 (− 0.79)
0.3 − 14.88 − 16.10 − 1.22
0.4 − 15.52 − 16.80 − 1.28
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interactions between hydrophobic groups at the planar air/aqueous solution interface, due 
to the structure-breaking nature of EG in water and the presence of EG in the monolayer 
at the air/aqueous solution interface. The increase in ||��ave|| at higher volume percentages of 
EG (XEG = 0.2–0.4) could result from increases in the electrostatic attraction between ionic 
hydrophilic groups through mixing. The variations in ||��ave|| and ||�Mave|| following addition of 
EG in the cationic-rich mixtures [14] are larger than those variations in the anionic-rich 
mixtures. In CTAB, the charged trimethylammonium group provides a high charge density, 
which in turn gives rise to a high repulsive electrostatic interaction. In SDS, however, the 
charge is distributed over three oxygen atoms, leading to a lower surface charge density 
and consequently to a lower repulsive electrostatic interaction. As a result, an increase in 
EG content results in greater decreases in the electrostatic repulsion between the cationic 
groups in cationic-rich mixtures than those in anionic-rich mixtures. Furthermore, it is 
shown that the value of ��

ave
− �M

ave
 at first increases from increasing of the EG concen-

tration (XEG = 0.1), reaches a maximum at a specific concentration (XEG = 0.1), and there-
after decreases with further increases of the EG concentration (XEG = 0.2–0.4) (Table 2). 
This suggests that such electrostatic attraction increases among the polar head groups with 
opposite charges (SDS and CTAB). Such attraction, at the planar air and aqueous interface 
shows a greater effect than at the convex micellar surface in an aqueous medium, after 
increasing the concentration of EG (up to 10%) in the solution. Overall, the results show 
that the energy of the electrostatic attractions generated at the planar interface is noticeably 
greater than that in the micelle. The results of this part are supported by previous findings 
in cationic rich-mixtures [14].

3.3 � Size, Morphology, Interaction of Catanionic Self‑Assemblies and Zeta Potentials 
of the Aggregates

CV measurements were used to determine the diffusion coefficients of the aggregates and 
the inter particle interaction parameters [33]. For this section, ferrocene was chosen as the 
electroactive probe; ferrocene can be used, provided that it does not perturb the micelle, 
and provided that its rates of entrance/exit into the aggregates with fast and reversible elec-
tron transfer are at least comparable to those of the surfactant monomers. The electrochem-
istry of ferrocene in nonaqueous, aqueous, and micellar environments has been described 
elsewhere [34–37].

In self-assembling systems with a fully solubilized electroactive probe that diffuses into 
the aggregates, the diffusion coefficient in aggregates is Dagg. The ferrocene concentration 
was fixed at 1.0 mmol·L−1. Hence, for various aggregate concentrations, based on the slope 
of the ip versus ν1/2 plot, the Dagg value could be obtained. The value of Dagg after increas-
ing the concentrations of SDS/CTAB mixtures (in EG solutions) was found to decrease 
(Fig. 3). Based on previous reports, the concentration of salt does not significantly affect 
the properties in a mixture of such surfactants [25]. At concentrations close to the CMC, 
the aggregates interact with each other, so the calculated values for the Dagg are lower in 
comparison with the calculated Dagg at the CMC. In order to calculate the inter-particle 
interaction parameters, the linear interaction theory was used [38, 39]. Consequently, 
extrapolation to infinite dilution (i.e., to the CMC) yields mass-transport parameters that 
are independent of inter particle interactions but are linked via Eq. 11 as:

(10)Fc ⇌ Fc+ + e−
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Here, Ct, D0
agg and kd are the surfactant concentration, the self-diffusion coefficient with-

out particle interaction and the inter particle interaction parameter, respectively. Figure 3 
shows the dependence of Dagg on aggregate concentration. It is possible that it is due to 
both attractive and repulsive interactions as well as micellar growth. In Eq. 11, the slope, 
intercept at Ct = CMC2 and kd are respectively equal to −D0

agg
kd , D0

agg
 and kd = –slope/inter-

cept (the kd values have been calculated in concentration range of Ct > 10 mmol·L−1 so that 
no phase transition occurred). As the results in Table 3 show, changing in the mole frac-
tion of cationic surfactant affects the kd values. The attractive interactions between aggre-
gates are increased by addition of a cationic surfactant, resulting in the slight decrease in kd 
observed for these aggregate systems. The negligible variation of kd from 8.1 to 7.6 L·mol−1 
by increasing the CTAB mole fraction indicates that no change in morphology and size has 
occurred. These results were confirmed from DLS and ξ-potential results. Micelles with 
diameters of 3.5 and 4.5 nm at 16 mmol·L−1 surfactant concentration are noticed for 98:2 
and 92:8 SDS/CTAB mixtures in water (Table  3). The zeta potential remained constant 
upon increasing of the CTAB mole fraction (Table 3). In both mole fractions, at low con-
centrations (Ct < 5 mmol. L−1), large aggregates with diameter ~ 5–100 nm were formed. 
An increase in the concentration resulted in a sudden decrease in the diameter: 3.5 and 
4.5 nm, respectively, for the two fractions 98:2 and 92:8. This indicates that the transition 
of the super-molecular structure to normal micelle is consistent with that of the conductiv-
ity zeta potential results. From the TEM image in the case of 92:8 composition, the pres-
ence of large aggregates at low concentration (4 mmol·L−1) can be readily inferred (Figs. 4 
and 5). The average diameter of the aggregates (~ 50 nm and ~ 30 nm) is consistent with the 
diameter determined from DLS measurements (XEG = 0 and 0.1). It has already been shown 
in a previous work that the formation of spherical micelles (with diameter ~ 50 nm) occurs 
at a higher SDS concentration (SDS concentration = 10 mmol·L−1 and CTAB concentra-
tion = 0.1 mmol·L−1) (XEG = 0) [40]. As shown in Table 3, by increasing the EG content 
in the aqueous solution to 10%, the size and surface potential of SDS/CTAB aggregates in 
the anionic region remained constant, and no dramatic structural change took place in the 
solutions in low concentrations (4 mmol·L−1). As shown in Fig. 4, TEM images confirmed 
the DLS results. However, at high concentrations, in the presence of 10% EG, the SDS/
CTAB systems (except the 98:2 SDS/CTAB system) did not display behavior similar to 
that shown by SDS/CTAB in pure water. According to the data presented in Table 3, the kd 
values for the SDS/CTAB systems increased with decreasing anionic surfactant content in 

(11)Dagg = D0
agg

[1 − kd(Ct − CMC)]

Fig. 3   Dagg versus the total concentration of surfactants for: a 98:2 SDS/CTAB and b 92:8 SDS/CTAB mix-
tures in: (Open diamond), H2O; (Open square), XEG = 0.1; (Open triangle), XEG = 0.2; (Mutiple sign), and 
XEG = 0.3, all at 298.15 ± 0.1 K
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the presence of 20% EG. In spite of the decrease in micellar surface charge density from 
the decrease of SDS (Table  3), an increase in kd values was observed. This unexpected 
increase in kd values can be mainly attributed to the cylindrical-to-spherical morphology 
change. Representative DLS results of 92:8 SDS/CTAB mixed micelles at 20% EG con-
firmed the above results (Table 3). By further addition of EG, the kd values increased to 
approximately 10 L·mol−1 in 30% EG solution and were unchanged upon decreasing the 
SDS content. The lack of variation of kd observed indicates that the morphology does not 
change significantly from decreasing the SDS mole fraction. Moreover, the aggregation of 
spherical structures can be seen for XEG = 0.2 and XEG = 0.3 (Fig. 4).

4 � Conclusion

The self-aggregation behavior, in a water/EG mixed solvents, of binary composition of 
SDS/CTAB with an excess of anionic surfactant, was examined by surface tension, con-
ductivity, DLS, TEM, and CV measurements. Depending on the EG content of the solvent, 
the SDS/CTAB self-assembled into configurations ranging from cylindrical to spherical. 
To evaluate the effects of cosolvents on the surfactant–surfactant interaction in binary ani-
onic/cationic surfactants, the values of β parameters were calculated. It was shown that 

Fig. 4   The TEM images of mixtures of SDS/CTAB at: a 92:8 (after 12  h, XEG = 0), b 92:8 (after 12  h, 
XEG = 0.1), c 92:8 (after 12 h, XEG = 0.2), and d 92:8 (after 12 h, XEG = 0.3)
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adding EG to the solution reduces the magnitude of the interaction parameters in both 
mixed micelle 

(
�M
ave

)
 and mixed monolayer 

(
��
ave

)
 . This indicates a greater effect on the 

interaction in the mixed monolayer in comparison with the mixed micelle. At a higher vol-
ume fraction of EG, the synergism effect of mixed aggregates is significantly increased, 
which is attributed to the increase in attractive electrostatic interaction between oppositely 
charged head groups upon mixing.

Open Access  This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, 
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate if changes were made.
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