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The micellization behavior of the ternary mixture of an amphoteric sodium 3-(N-dodecyl ethylenediamino)-2-
hydropropyl sulfonate (C12AS) with two nonionic surfactants, octylphenol polyoxyethylene ether (OP-n,
where n is the number of hydrophilic unit oxyethylene glycol ethers, n = 4, 7, 10), was investigated using
both the tensiometry and the 1HNMR technique. Also, the effect of the addition of nonionic surfactantwith a lon-
ger or shorter hydrophilic chain, e.g., OP-10 or OP-4, on the micellization of the binary mixture of C12AS/OP-7
with a maximum synergism was probed. Based on the regular solution theory, thermodynamic models were
adopted to obtain the composition, activity coefficient of mixed micelle and some thermodynamic parameters.
The addition of OP-10 or OP-4 into the binary mixture of C12AS/OP-7 induces the change in the mixed critical
micelle concentration, which can be explained by the change in the composition of mixed micelle and the effect
of hydrophilic chain. Thermodynamic data show that the addition of OP-10 or OP-4 results in the change from the
enthalpy overwhelming process of micellization to the entropy-driven process. The chemical shift of proton in
the terminal hydroxy group of OP-n in binary or ternary surfactant mixture is also adopted to describe the ob-
tained results. The findingswill helpwith understanding the interaction behavior betweenmolecules in themul-
ticomponentmixture, especially, the effect of the addition of homologues or other components on the properties
of surfactant formulation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In practical applications, the mixed surfactants are often used rather
than pure surfactant. Because themixtures can exhibit excellent proper-
ties, e.g., lower criticalmicelle concentration (cmc), better surface/inter-
facial activity, lower cost, etc., than their pure components [1–3]. It is
attributed to the synergistic interaction between surfactants. In recent
years, many investigations on mixed surfactant systems including the
binary mixture of different ionic type surfactants, e.g., ionic/ionic
[4–6], ionic/nonionic [7–9], even nonionic/nonionic [10,11], etc., have
been made. Also, some thermodynamic models, e.g., the Clint's model
[12], the Rosen's model [1], the Rubingh's model [13], etc., have been
adopted successfully to analyze the experimental results of the binary
mixtures and further to reveal the synergistic and antagonistic behavior
between surfactants.

However, inmany industrial situations,multiple combinations other
than binaries prevail. It means that the surfactant mixture or formula-
tion, namely, containing at least three components, even four compo-
nents or more, is normally more than two components. In view of
this, some investigations on ternary mixtures of surfactants have been
carried out [14,15]. But, the detailed studies on the physiochemical
properties for the ternary systems are fairly limited, which may be
that such systems are complex [13]. Even so, considering the practical
case for the surfactant formulation with multiple components in many
industrial applications, the interaction behavior between surfactants
for the ternary mixture is worthy to investigate in order to provide the
foundational information and ultimately to properly design the surfac-
tant formulation. Our previous investigations [2,9,16] focused on the
properties for the binary mixture of an amphoteric sodium 3-(N-
dodecyl ethylenediamino)-2-hydropropyl sulfonate (C12AS), which
was developed by our group [18], and a nonionic octylphenol
polyoxyethylene ether (OP-n, where n is the number of hydrophilic
unit oxyethylene glycol ethers). Usually, it is well known that the non-
ionic surfactant OP-n as an industrial product is a mixture composed
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of homologues with different numbers of hydrophilic unit due to its
manufacturing technique or cost and its industrial application. Regard-
ing to this and as mentioned above, it is essential to probe the physico-
chemical properties for the multiple components systems composed of
homologues of OP-n. In this work, the interaction behavior between
surfactants for the ternary mixture of C12AS, OP-7 and OP-10 or OP-4
is investigated. Specifically, this work focuses on the effect of the addi-
tion of a nonionic surfactant OP-n with a longer or shorter hydrophilic
chain (OP-10 or OP-4) on the molecular interaction for the binary mix-
ture of C12AS/OP-7. In order to obtain some information about themo-
lecular interaction, some thermodynamic models were adopted to
calculate the parameters of micellization. And then, the interaction be-
havior is theoretically discussed. The chemical shift of proton in the 1H
NMR spectra also provide some information to discuss the interaction
between surfactant molecules in mixed micelle.

2. Experimental

2.1. Materials

The amphoteric surfactant C12AS (N99.0 wt%) is developed by our
group [17]. The nonionic surfactants OP-10, OP-7 and OP-4 are analyti-
cal reagents (N99 wt%) from Sinopharm Chemical Reagent Co., Ltd. and
were used as received. In all the experiments, the deionized triple dis-
tilled (DTD) water with a conductivity of about 4.01 μS/cm at 298.15 K
measured by the DDSJ-318 conductometer made in China was used to
prepare all the surfactant solutions.

2.2. Tensiometry

Using a Wilhelmy platinum plate, the surface tension of surfactant
solution was measured with a JK99C automatic surface tensiometer
(Shanghai Zhongchen Digital Technic Apparatus Co., Ltd) at 298.15 ±
0.20 K. In the measurement, the ring used was cleaned by washing re-
spectivelywith DTDwater and alcohol followed byheating in an alcohol
flame. To obtain the desired temperature of 298.15 ± 0.20 K, the solu-
tion was kept in thermostatic water bath for at least 50 min. The re-
sulted value of surface tension is the mean value from three
experimental values and has an uncertainty of ±0.2 mN/m.

2.3. 1H NMR spectra

The samples were allowed to equilibrate at a desired temperature
(298.15 ± 0.20 K) for at least 50 min prior to measurements. CDCl3
was used as solvent instead of water in order to weaken the water sig-
nal. A Bruker AVANCE spectrometer with a proton frequency of
400 MHz was adopted in the NMR study with a TMS (tetramethyl si-
lane) as the external reference.

3. Theoretical treatment

In the framework of the pseudophase separation model, the mixed
critical micelle concentration (cmc) for ternary surfactant mixture and
for binaries can be expressed respectively as [9,13]:

1
cmc123

¼ x1
f 1cmc1

þ x2
f 2cmc2

þ x3
f 3cmc3

1
cmc12

¼ x1
f 1cmc1

þ x2
f 2cmc2

ð1bÞ

where cmc123 and cmc12 are the mixed cmc of component i (i = 1, 2,
3) in ternary surfactant mixture and binaries, respectively; cmci is the
cmc of individual surfactant i; xi is the mole fraction of component i in
bulk solution; fi is the activity coefficient of component i in mixed
micelle.

On the ideal mixing, fi = 1. Then, the Eqs. (1a) and (1b) can be re-
written as:

1
cmcideal123

¼ x1
cmc1

þ x2
cmc2

þ x3
cmc3

1
cmcideal12

¼ x1
cmc1

þ x2
cmc2

ð2bÞ

where cmc123ideal and cmc12ideal are the ideal mixed cmc for ternary sur-
factant mixture and binaries, respectively.

According to the regular solution theory (RST), the activity coeffi-
cient (fi) for the multi-components mixture of surfactant can be
expressed by the mole fraction (Xi) of component i in mixed micelle
and the interaction parameters (βij) of binary surfactant mixture
[13,15]:

f i ¼ exp
Xn

j ¼ 1
j≠i

βijX
2
j þ

Xn

j ¼ 1
j≠i≠k

Xj−1

k¼1

βij þ βik−βjk
� �

X jXk

2
66664

3
77775

ð3Þ

For ternary surfactant mixture, the mole fraction (Xi) of component
in mixed micelle can be calculated by the following equation set:

x1cmc123 ¼ X1cmc1 exp β12X
2
2 þ β13X

2
3 þ β12 þ β13−β23ð ÞX2X3

h i

x2cmc123 ¼ X2cmc2 exp β12X
2
1 þ β23X

2
3 þ β12 þ β23−β13ð ÞX1X3

h i

x3cmc123 ¼ X3cmc3 exp β13X
2
1 þ β23X

2
2 þ β13 þ β23−β12ð ÞX1X2

h i
ð4cÞ

As a constraint, the relationship can be given as:

x1 þ x2 þ x3 ¼ 1

X1 þ X2 þ X3 ¼ 1 ð5bÞ

Based on the RST, the free energy change (ΔmicG), the enthalpy
change (ΔmicH) and the entropy change (ΔmicS) of micellization for

Fig. 1. The distribution point of composition for the ternarymixture of C12AS/OP-7/OP-10
or C12AS/OP-7/OP-4 in the equilateral triangle.
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