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ABSTRACT: In this paper, the interaction, surface, and micelle properties of the mixed system of cationic
surfactant hexadecyltrimethylammonium bromide (CTAB), nonionic surfactant Tween-20, and Coomassie
Brilliant Blue G250 (CBBG250) were studied by the surface tension method and spectroscopy method. The
characteristic absorption peak in the spectra of CBBG250 is obviously changed by the addition of surfactant.
The results show that the surfactant system has a synergistic effect with the aqueous solution of CBBG250.
Also, cationic-nonionic mixed surfactants (CTAB/Tween-20) were used in different combinations to
understand the effect of interaction with CBBG250 on surface tension and critical micelle concentration.
To further study the interaction of dyes with surfactants, the Rubingh and Motomura models were used,
and a series of interaction parameters and thermodynamic data were obtained.
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1. Introduction

In recent years, many scientists have focused on the interaction between surfactants and dyes [1-5],
which has been widely used in many fields, such as ion recognition, dyeing technology, photographic
industry, medicine, and so on [6-9]. Dyes are materials that color fibers and other materials. They are not
limited to dyeing and printing textiles and are used in many sectors, including paint, plastics, leather, and
food. Coomassie brilliant blue G250 (CBBG250) is an anionic dye commonly used in textiles, printing, and
biotechnology [10]. This dye has a unique response to different types of solutions. Cationic surfactant
cetyltrimethylammonium bromide (CTAB) is widely used as an adjuvant in textile finishing processes,
which can improve the dyeing process [11,12].

Nonionic surfactant Tween-20 is a good emulsifier and drug solubilizer because it has more hydrophilic
groups in its molecule [13]. As a typical nonionic surfactant, it is often used alongside other surfactants.
Now, mixed surfactants are of great interest in scientific and industrial applications. Surfactants used in
practical applications almost always consist of a mixture of surfactants, and the solution properties of mixed
surfactant systems are often superior in application to those of the individual ones. Kabir et al. studied the
micellization behavior of a mixed system comprising Tween-20 and Gemini ionic surfactants [14].

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
5v (https://creativecommons.org/licenses/by/4.0/).
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Chatterjee et al. reported the aggregation behavior and surface properties of Tween-20, Tween-40, and
CTAB mixed micelles [15]. The mixed micelle theory model predicts the composition of the micelles [16],
the interaction parameters, the contribution of free energy, and other thermodynamic parameters, which is
helpful for understanding the cosolvent effect [17] and aggregate structure [18]. The ionic-nonionic
surfactant mixing system is a new type of unique surfactant compounding system.

Many scientific studies point out that dye-surfactant is more likely linked by hydrogen bonding, ionic
bonding, van der Waals force or hydrophobic interaction [19]. But the study of these mechanisms in dye
solution is complex, so it is important to delve deeper into it. In this paper, the ionic surfactant
cetyltrimethylammonium bromide CTAB [20] and nonionic surfactant Tween-20 [21] mixed system was
used to determine the surface tension [22] and critical micelle concentration in dye CBBG250 aqueous
solution [23]. By using the Rubingh model [24] and the Motomura model [25,26] to explore the influence
of CBBG250 on mixed micelles, we analyzed the thermodynamic properties and micellization behavior.
Unlike previous studies that mainly focused on the interaction between single surfactants and dyes, this
work systematically investigates the interaction between CTAB/Tween-20 mixed surfactants and the
anionic dye CBBG250, and for the first time compares the applicability of the Rubingh model and the
Motomura model in this ternary mixed system. This study provides a theoretical reference for
understanding the interaction mechanism between ionic/nonionic mixed surfactants and dyes. These studies
are expected to shed light on the surface properties and micellization of dyes with various surfactants and
may be helpful in industrial preparation and surface science.

2. Experimental
2.1. Materials

The dye Coomassie brilliant blue G250 (CBBG250, purity 98%) was obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Its structure is shown in Scheme 1. The surfactant Tween-
20 (CP, purity 99.5%) was obtained from Yantai Chemical Industry Co., Ltd. (Yantai, China) The surfactant
cetyltrimethylammonium bromide (CTAB, purity 99%) was purchased from Shanghai Zhongqin Chemical
Reagent Co., Ltd. (Shanghai, China). All solutions were prepared with high-purity deionized water, and all
experiments were performed at 298 K. All reagents were used as received without further purification. All
solutions were prepared with freshly deionized water and equilibrated for 24 h before measurements. All
measurements were performed at 298.2 + 0.1 K controlled by a thermostated water bath.

Scheme 1. Structure of Coomassie brilliant blue 250.
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2.2. Apparatus and Methods
2.2.1. Ultraviolet-Visible Spectra Measurements

A LabTech UV-2100 UV-Vis spectrophotometer was used to measure the absorption spectra and
absorbance, which was manufactured by Shanghai Yuanxi Instrument Co., Ltd. (Wavelength accuracy:
+0.3 nm).

2.2.2. Surface Tension Measurements

Surface tension meter: JZHY-180 interfacial tensiometer (Chengde Jinhe Instrument Manufacturing
Co., Ltd., Chengde, China), with a measurement accuracy of 0.1 mN/m. It was used to measure the surface
tension of solutions at different ratios, and to obtain the surface tension-concentration curve and critical
micelle concentration. Each measurement was repeated at least three times, and the average value was used.
The experimental error was within £0.1 mN/m.

2.2.3. Physical Chemical Model Method

The Rubingh model and Motomura model were used to calculate interaction parameters and energy
changes.

3. Results and Discussion
3.1. Spectral Properties of Mixed Systems

The ultraviolet-visible spectra of Coomassie Brilliant Blue G250, the surfactants, and Coomassie
Brilliant Blue G250 in surfactant aqueous solutions were scanned. The UV-Vis spectroscopic
measurements were carried out at surfactant concentrations below the CMC to reflect the interaction
between the dye and surfactant monomers. Specifically, for CTAB, the concentration ranged from 1.0 x
107 to 1.2 x 107> mol/L, and for Tween-20, the concentration was 1.0 x 10~* mol/L, both of which are well
below their respective CMC values.

As shown in Figure 1a, the spectrum of CBBG250 in aqueous solution (curve 1) has a strong absorption
peak at 584 nm. The absorbance of the cationic surfactant CTAB is nearly zero in the scanning range (curve
2). The addition of CTAB (curve 3) causes the characteristic absorption peaks of CBBG250 to change in
both intensity and position (bathochromic shift). This phenomenon indicates that an association occurs
between CBBG250 and CTAB.

As shown in Figure 1b, the addition of nonionic surfactant Tween-20 (curve 6) alters the intensity of
CBBG250’s characteristic absorption peaks, and the maximum absorption peak of the aqueous solution is
red-shifted. The obvious shift of the maximum absorption peak after adding the surfactant indicates that an
associative interaction exists between the two components.

The test is conducted at 298.2 K; moreover, in order to reduce the system error, all the values of
absorbance are measured generally in the range of 0.1~1.
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Figure 1. The absorption spectra of (a): (1) CBBG250 in aqueous solution, (2) CTAB in aqueous solution, (3) CBBG250 in CTAB
aqueous solution (C((j)BBGZSO =2.0x 10" mol/L, C, gT A = 1.2 x 107 mol/L) (b): (4) CBBG250 in aqueous solution, (5) Tween-20

in aqueous solution, (6) CBBG250 in Tween-20 aqueous solution ( Coggaso = 2.0 X 10 mol/L, Cy. - =1.0 x 1074 mol/L).

For further study, we investigated the interaction between two mixed surfactants and CBBG250. As
shown in Figure 2a, the concentration of Tween-20 is fixed at 1 x 10* mol/L, and the concentration of
Coomassie Brilliant Blue G250 is fixed at 2 x 10~ mol/L. When a small amount of CTAB was added, the
absorbance of the solution decreased significantly. However, as the concentration of CTAB increased, the
absorbance at 618 nm at the maximum absorption peak of the solution gradually increased again.
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Figure 2. UV-Vis spectra of the mixed system. (a) CTAB concentration from 0 to 7.0 x 107> mol/L (Tween-20 fixed at 1.0 x
107* mol/L, CBBG250 fixed at 2.0 x 107> mol/L). (b) Tween-20 concentration from 0 to 7.0 x 10 mol/L (CTAB fixed at 1.0 x
1074 mol/L, CBBG250 fixed at 2.0 x 1075 mol/L).

In Figure 2b, the concentration of CTAB is fixed at 1 x 10~# mol/L, and the concentration of Coomassie
Brilliant Blue G250 is fixed at 2 x 107> mol/L. When the concentration of Tween-20 increases, the
absorbance at the maximum absorption peak of the solution rises gradually compared with the system
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without Tween-20, and a slight red shift occurs. The maximum absorption peak shifts from approximately
610 nm to about 625 nm (a red shift of 15 nm), indicating the formation of an association complex between
CBBG250 and the surfactant molecules, thereby changing the dye’s aggregation state. We have
characterized the nature of the interaction between CBBG250 and individual surfactants. We found that the
absorbance intensity of the UV-visible spectra of the mixed system varies between those of the two
individual surfactants. According to the literature [27], the CMC values of CTAB and Tween-20 in aqueous
solution are 8 x 10~* mol/L and 5 x 107> mol/L, respectively.

Do the mixed surfactant systems exhibit new properties compared with individual surfactants on the
basis of the above findings? Do they present synergistic effects, such as obvious changes in surface activity
and critical micelle concentration. Therefore, it is of great significance to study the interaction between
mixed surfactants and dye solutions.

3.2. Surface Properties of Mixed Systems

The surface tension isotherms of the CTAB/Tween-20 mixed system in aqueous solution and
CBBG250 aqueous solution were determined at 298.2 K. It can be seen that with the increase of the molar
fraction of nonionic surfactant in the mixed solution, the minimum surface tension value y of the solution
gradually decreases. In our previous studies [4,5], the CMC values of pure CTAB and Tween-20 in
CBBG250 aqueous solution were determined to be 8.47 x 10~* mol/L and 5.25 x 107> mol/L, respectively,
both lower than those in pure aqueous solution. The lowest surface tension falls basically between those of
the two pure components, which are listed in Table 1. In Figures 3 and 4, the surface tension of the mixed
aqueous solution is generally higher than that of the solution containing CBBG250, and both show a
continuous downward trend. This indicates that the presence of the dye CBBG250 strengthens the
interaction of the mixed system and lowers the surface tension of the mixed solution.

55

surface tension (mN/m)

1gC

Figure 3. Surface tension of CTAB/Tween-20 mixed system in aqueous solution (the proportions represent CTAB versus Tween-
20).
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Figure 4. Surface tension of CTAB/Tween-20 mixed system in CBBG250 aqueous solution (the proportions represent CTAB
versus Tween-20).

Table 1. Surface properties and micellization behavior of CTAB/Tween-20 mixed system at 298.2 K.

Aqueous Solution

CBBG250 Aqueous Solution

O Tween-20

yemc/(mN-m™)

CMC (mmol-L™)

yemc/(mN-m™)

CMC (mmol-L™)

0 51.00 1.00 x 1073 49.12 6.15x10™
0.1 46.31 8.02 x 10~ 44.74 1.56 x 10°*
0.3 45.03 6.01 x 107* 43.62 6.84 x 103
0.5 41.28 7.94 x107* 39.31 5.50x10°°
0.7 40.36 8.02 x 10 38.72 4.58 x 1073
0.9 39.74 6.81 x 10°* 37.75 3.62 x 1073

1 38.25 7.01 x 107 36.86 4.49 x10°°

In Figures 3 and 4, the concentration at which the curve levels off corresponds to the CMC. The surface
properties and micellization behavior of the CTAB/Tween-20 mixed system at 298.2 K are listed in Table 2.
The driving force for surfactants to form micelles is hydrophobic interaction. Polarity can reflect the
hydrophobic effect of surfactants to a certain extent. Since CTAB has stronger polarity than Tween-20, its
CMC is higher than that of Tween-20. Furthermore, the CMC of the mixed dye-surfactant solution generally
decreases as the proportion shifts from CTAB to Tween-20. The CMC of mixed micelles reaches its minimum
at aTween-20 = 0.9 (mole fraction of Tween-20). This is probably because the mixed system of Coomassie
Brilliant Blue G250 and Tween-20 exhibits the strongest synergistic effect. This CMC reduction can be
attributed to three factors: the electrostatic attraction between CBBG250 and CTAB, the hydrophobic
embedding of the dye into the micellar core, and the lowering of the free energy barrier for micellization.

Table 2. Rubingh model micelle parameters of the CTAB/Tween-20 mixed system at 298.2 K.

g XT X' p mor o i
0.1 0.542 0.559 —2.633 —2.998 0.576 0.558 —1.549 5.462
0.3 0.631 0.657 -3.159 -3.999 0.650 0.625 —1.440 4.714
0.5 0.69 0.73 -2.360 —3.884 0.797 0.753 -0.902 4.038
0.7 0.745 0.783 -2.307 —4.243 0.861 0.819 —0.662 3.417
0.9 0.8 0.808 -5.130 —5.836 0.815 0.806 —0.838 2.918
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It can be seen from Figure 5 that there also exists a decreasing trend of CMC in CBBG250 aqueous
solution. The CMC and surface tension in aqueous solution are always higher than those in the CBBG250
aqueous solution, since the CMC of CTAB in aqueous solution is greater than that of Tween-20. When the
mixed surfactant forms micelles, both CTAB and Tween-20 molecules are present in the system. Coomassie
Brilliant Blue G250 is an anionic dye that readily binds to the cationic surfactant CTAB molecules, which
reduces the relative content of CTAB. Meanwhile, Tween-20 becomes more enriched at the interface,
raising its contribution to the CMC of mixed micelles. This leads to a lower critical micelle concentration
in the system containing CBBG250 than in the pure aqueous system. Compared with the cetylpyridinium
chloride/Triton X-100 system recently reported by Korzhan et al. [28], our CTAB/Tween-20/CBBG250
system exhibits a stronger synergistic effect in reducing CMC and surface tension, likely due to the longer
hydrophobic chain of CTAB and the larger polar head group of Tween-20. Based on the above results, we
further adopted model methods to analyze the interactions of the mixed systems containing CBBG250.

—&— aqueous solution

0. 0010 —&— CBBG250 aqueous solution

0. 0008

- 0.0006

CMC

0. 0004 4

0. 0002

0. 0000 +

T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
molar fraction of Tween20

Figure 5. Trend of critical micelle concentration (CMC) of CTAB/Tween-20 mixed system with the mole fraction of Tween-20.

3.3. Composition of Surface Adsorption Layer and Mixed Micelles in CBBG250 Aqueous Solution
3.3.1. Rubingh Model

Using the regular solution theory, Rubingh [29] proposed an equation for calculating the composition
X/" and the molecular interaction parameter 5™ of a non-ideal two-component mixed micelle:

(le)2 111(011(?12 /leq) -1
(1= X’ In[(1-,)Cpy (1= X[)C,] o
m_ ln(alclz /leq)
e @

C1: CMC of the component 1 solution; C>: CMC of the component 2 solution; Ci2: CMC of the mixed
solution; a1: mole fraction of component 1 in the mixed system; here a1 iS oTween-20.

The following formula is a equation for calculating the activity coefficient of component i in a mixed
micelle:

S =exp[Bm(1-X]")’] (3)
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Using the model to calculate the activity coefficient f, the molecular interaction parameter 5", the mixed
free energy change AGnmix, listed in Table 2, if it is negative, the process of micelle formation is spontaneous.

The composition X;® of the mixed surface adsorption layer and the molecular interaction parameter /°
are calculated by the following equation [30]:

(Xf)z In( a1C12/X15C1)

=1

A= X2 In[(1 — a1)Crp/(1 — XD)Cs) @
S 1n(alcl2 /XISCI)

= S\2 5

F=x ©)

where Ci, (2, and Ci» are the concentrations of component 1, component 2, and the mixed solution when
the specified surface tension is equal to 55 mN-m !, respectively.
From the regular solution theory, use the following relationship [31].

G'=H*=AH, =RTY X/Inf 6)

where GE is the excess Gibbs free energy, H” is the excess enthalpy, AH,.. is the enthalpy change of mixing,
R is the ideal gas constant (8.314 J-mol '-K!), Tis the absolute temperature (298.2 K), and ; is the activity
coefficient of component i.

TASmix = AHmix - AGmix

=RTY X,Inf,—RTY X,InX,f, )
=—RTY X,InX,

The thermodynamic parameters of mixed micelle formation, including the Gibbs free energy change
(AGnix) and the entropy change (ASnix), were calculated and are listed in Table 2. A negative AG;. indicates
a spontaneous micellization process, while a positive ASnix suggests that the entropy effect plays an
important role in the micellization. The calculation results of the mixed free energy change AG. and the
mixed entropy change AS.x can be calculated as shown in Table 2.

The interaction parameters 5 and ™ in Table 2 are both negative values, indicating that the components
are attracted to each other, and the mixing thermodynamic parameters are the same as those in the literature
[32]. The mixed free energy change AGu:. is negative, indicating that micelle formation is a spontaneous
process. The entropy change of the mixture is positive. From the numerical analysis, the thermal and entropy
effects also play important roles in the formation of micelles in CBBG250 aqueous solution.

3.3.2. Motomura Model

From a thermodynamic point of view, Motomura et al. [27] considered mixed micelles as a
macroscopic stage of thermodynamic analysis. Considering the dissociation process of the surfactant at the
charged interface, as well as the interactions between surfactant molecules in the micelles and the
adsorption layer, the Motomura model treats mixed micelles as a macroscopic thermodynamic phase. It has
been applied successfully in ionic/nonionic mixed systems [33,34]. The composition of the mixed
adsorption layer ¥° and the composition of the mixed micelles ¥," are calculated by the following formula:

- 0
v o X1+[X1(1 XQ) c ®
c o 1-X) 'y

Xd-X) ocmce
Y= X+ S
! IJ{ cmce )[8 <1'X1)Jr,p ©)
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where Xj is the mole fractions of surfactants 1 in the bulk phase (and thus 1 — Xi is the mole fraction of
surfactant 2), respectively, and ¢ is the total concentration of the mixed solution at a specified surface
tension of 55 mN/m.

The deviation from the ideal mixture can be quantitatively described by the surface adsorption excess
free energy AG*“* and the micelle formation excess free energy AG™**:

;= ;)); (10)

m  cmeX,
T cmceY" (n
AG*“=RTY Y Inf; (12)
AG™* =RTY Y"In f" (13)

where f; represents the activity coefficient of component i, which ¢! is the concentration of component i at
a specified surface tension of 55 mN/m, which cme) is the CMC value of component i and the calculation

results are shown in Table 3.

Table 3. Motomura model micelle parameters of the CTAB/Tween-20 mixed system at 298.2 K.

v A S 1 A,
0.1 0.481 0.479 0.049 0.558 0.029 0.398 -1.716 —-1.742
0.3 0.343 0.386 0.0540 0.827 0.010 0.301 —-1.594 -1.536
0.5 0.328 0.247 0.040 0.748 0.003 0.127 —-1.568 -1.053
0.7 0.224 0.205 0.018 0.683 0.001 0.114 -1.319 -0.897
0.9 0.102 0.163 0.002 0.568 0.001 0.011 -1.176 —-0.841

In Figure 6, the free energy changes calculated by the Motomura model and Rubingh model are less
than 0. These values increase as the mole fraction of Tween-20 rises, and the two curves follow roughly
the same trend. The free energy of surface adsorption and the micelles form is negative, indicating that both
processes occur spontaneously. It depends on the interaction between the ionic and nonionic surfactants in
CBBG250 aqueous solution.

Before mixing, there is a strong electrostatic repulsion [35] between the ionic surfactant molecules,
and there is a short-range steric repulsion [36] between the nonionic surfactants. These repulsions cause the
surfactant molecules to separate from each other and hinder the mixing. After mixing in CBBG250 aqueous
solution, ionic and nonionic surfactant molecules alternate at the period of micellar formation, it reduces
the repulsion between the ionic surfactant particles. Also, it reduces the steric hindrance effect of the
nonionic surfactant, the presence of CBBG250 may further enhances synergy and this synergy is greatest
when arween20 = 0.9, and the free energy values from the Rubingh model and the Motomura model are
similar, indicating the consistency of the two theoretical models. The negative values of free energy changes
indicate that both micellization and adsorption processes occur spontaneously.
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Figure 6. Free energy change AG of the Rubingh model and the Motomura model.

4. Conclusions

The mixed surfactant of CTAB/Tween-20 in CBBG250 aqueous solution has a different CMC than the
single surfactants CTAB and Tween-20. It reaches the minimum CMC at otween20 = 0.9, indicating that
aqueous solutions of mixed ionic surfactants exhibit many new properties compared with individual
surfactants, with synergistic effects such as a significant increase in surface activity, enhanced
solubilization, and lower critical micelle concentration. The free energy of the micelle calculated by the
Rubingh and Motomura models is basically consistent, indicating that the application of two micelle
theoretical models to the ion/nonionic mixed system is reasonable. This study clearly confirms the
interactions between mixed surfactant systems and the dye. Further research is required to explore the
interaction mechanism in greater detail.
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