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Abstract. The effect of intermolecular interactions on processes of micelle formation and adsorption in binary 
mixtures of non-ionic Triton X100 (TX100) with ionic sodium dodecyl sulfate and dodecylpyridinium bromide 
surfactants was studied. The ionic surfactants have identical hydrophobic alkyl chain and different hydrophilic 
groups. A feature of the used binary surfactant mixtures is that critical micelle concentrations and surface 
activity of the individual components are considerably different. A synergetic effect of decreasing of the surface 
tension was found in the surfactant mixtures. It was shown that the mixed adsorption layers and the micellar 
phases are enriched with the nonionic surfactant. For both sodium dodecyl sulfate/TX100 and 
dodecylpyridinium bromide/TX100 systems, the synergetic effects were most pronounced at a high molar 
fraction of the nonionic surfactants in the mixture. By using the Ruben-Rosen model, molecular interaction 
parameters in the mixed micelles βm, and in the adsorption layers βσ were evaluated. As was shown βm and βσ 
parameters to be notably higher for sodium dodecyl sulfate/TX100 mixture.  
Keywords: Triton X100; dodecylpyridinium bromide; sodium dodecyl sulfate; molecular interactions; mixed 
adsorption layer. 
  
Resumen. Se estudia el efecto de las interacciones intermoleculares en el proceso de formación y adsorción de 
micelas en mezclas binarias de Triton X100 (TX100), no iónico, con dodecil sufato de sodio y bromuro de 
dodecil piridinio, ambos iónicos, como surfactantes. Los surfactantes iónicos tienen cadenas alquílicas 
hidrofóbicas idénticas y grupos hidrofílicos diferentes. Una característica de las mezclas binarias de surfactantes 
que se utilizaron es que las concentraciones micelares críticas y la actividad superficial de los componentes 
individuales es considerablemente diferente. Se encontró un efecto sinérgico de decremento de la tensión 
superficial en las mezclas de surfactantes. Se muestra que las capas mixtas de adsorción y las fases micelares 
están enriquecidas con surfactante no iónico. Tanto en el sistema dodecil sufato de sodio/TX100 como en el 
caso de bromuro de dodecil piridinio/TX100, los efectos sinérgicos fueron más pronunciados en las mezclas 
con fracciones molares altas de los surfactantes no iónicos. Utilizando el modelo de Ruben-Rosen, se evaluaron 
los parámetros de interacción molecular en las micelas mezcladas βm y en las capas de adsorción βσ. Se muestra 
que los parámteros βm son βσ son notablemente mayores en la mezcla de dodecil sufato de sodio/TX100. 
Palabras clave: Triton X100; bromuro de dodecil piridinio; dodecil sufato de sodio; interacciones moleculares; 
capa mixta de adsorción. 
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Introduction 
    

Investigation of micelle formation and adsorption processes in the surfactant mixtures is one of the 
important topics of colloid chemistry. Currently the surfactant mixtures are broadly employed in different 
colloid-chemical processes such as laundering, flotation, emulsion polymerization, oil recovery, stabilization 
of colloids and nanoparticles in pharmaceutical and cosmetic formulations [1,2]. It is known that the mixed 
surfactant systems often have properties that are significantly different than ones for individual surfactants [2,3]. 
As a result of complex interactions amid the components, mixed micelles in aqueous solutions and mixed 
adsorbed layers on the solution/air boundary are formed in the multicomponent surfactant systems [1-3].  

Mixed adsorption and micelle formation in binary surfactant systems have been widely discussed in 
the literature [4-18]. It was reported that the surfactants of the similar chemical structure usually behave in their 
mixtures similarly to the ideal surfactant systems [3-6]. However, the mixtures of structurally different 
compounds often display non-ideal behaviour [7-18]. In many cases, composition of a mixed adsorbed layer 
can considerably differ if compare to composition of the bulk solution. As a result, deviations from lineal 
dependencies between surface tension, concentration of micelle formation, Gibbs adsorption energy on the one 
hand and the surfactants composition on the other hand were found [2,7-12]. Depending on the surfactants type, 
amplification or weakening of the mutual surfactants influence on the bulk and surface-active properties of the 
mixed solutions are observed [8,13-18]. 

Though different aspects of the surfactant mixtures have been widely investigated, the effect of many 
factors on the surfactants’ adsorption from multicomponent surfactant mixtures as well as composition of the 
mixed adsorbed layers are not yet clear. This is especially relevant for the surfactant mixtures where single 
surfactants have notably different surface activities.  

The main goal of this work is to study the molecular and thermodynamic parameters of the interactions 
in the mixed surfactants systems, where critical micelle concentration (CMC) of single counterparts and their 
surface activities are considerably different. For this purpose, the mixtures of nonionic Triton X-100 (TX100) 
with ionic sodium dodecyl sulfate (SDS) and dodecylpyridinium bromide (DDPBr) surfactants were used. A 
better insight into the molecular interactions in such surfactants systems would be beneficial for predicting their 
adsorption behaviour and surface-active properties. 

 
 

Experimental 
 

The nonionic surfactant TX100, which is oxyethylated octylphenol (the molecular formula is 
С8Н17С6Н4О(СН2СН2O)nH) with the degree of oxyethylation n=9-10, the cationic surfactant DDPBr (the 
general formula is С12Н25NС5Н5Вг) and the anionic surfactant SDS of the (the molecular formula is 
C12H25SO3Na) were used. The surfactants were puschased from Sigma-Aldrich (USA). SDS and TX100 were 
used as received, while DDPBr was recrystallized from methylethylketone prior employing in the experiments.  

The surfactant solutions were studied within the concentrations of 1.0×10-5-5.0×10-4 M for TX100 and 
1.0×10-5-1.5×10-2 M for the ionic surfactants, respectively. The solutions were prepared with distilled water (pH 
of the solutions was 6.3-6.5). The surfactant mixtures of different composition were prepared by appropriate 
mixing of the individual surfactant solutions. TX100 mole fractions in the mixtures (αTX100) were 0.2, 0.4, 0.6 
and 0.8.  

The mole fractions of TX100 surfactant in aqueous solutions and in the mixed adsorption layers were 
calculated as: 
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where, 𝛼𝛼𝑇𝑇𝑇𝑇100 and 𝛼𝛼𝑇𝑇𝑇𝑇100𝜎𝜎  are the TX100 mole fractions in the solution and in the mixed adsorption layer at 
a boundary between an aqueous solution and air, respectively, CTX100 and Ci are the concentrations of TX100 
and ionic surfactants in the mixed solution, 𝐶𝐶𝑇𝑇𝑇𝑇100𝜎𝜎   and 𝐶𝐶𝑖𝑖𝜎𝜎 are concentrations of TX100 and ionic surfactants 
at an interface between an aqueous solution and air.  

Measurement of the surface tension (σ) was carried out by using Wilhelmy method [19]. A platinum 
plate was submerged in a surfactant solution and then gently dragged out. The measured pulling out force is 
correlate with the surface tension. The cleanliness of the plate was evaluated by measuring surface tension of 
the bidistilled water (σ =72.5 mJ m-2). For each solution the measurements were conducted five times and the 
average readings were taken. The experimental deviation was ± 0.5 mJ m-2.  

The CMC value was evaluated from the break point on surface tension (σ) versus the surfactant 
concentration plot [19]. The surface tension decreases with the solution concentration, until the surfactant’s 
concentration reaches the CMC value. After this point, the surface tension values are practically constant.  

 
 

Results and discussion 
 

The surface tension isotherms for single and mixed solutions at different molar ratios of the 
components are shown in Fig. 1. Based on these data, the key colloid-chemical parameters of DDPBr, TX100 
and SDS surfactants were calculated and displayed in Table 1. 

 
 

Table 1. The values of CMC, surface surfactant’s excess Гσ
max, surface area per a surfactant molecule S0 at 

adsorption saturation, Gibbs free energies of adsorption ΔG0
ads and micelle formation ΔG0

mic for the used 
surfactants. 

Surfactant CMC×103,  L-1 ΔG0mic, 
kJ mol-1 

Гσmax×106, m-2 So, 
nm2 

ΔG0ads, 
kJ mol-1 

TX100 0.24±0.02 -30.7±0.5 5.54±0.30 0.33±0.01 -32.1±0.5 
SDS 8.10±0.67 -23.6±0.4 3.56±0.15 0.44±0.02 -25.4±0.4 

DDPBr 11.20±0.93 -20.5±0.3 2,78±0.10 0.61±0.03 -22.3±0.3 
 

 
The surfactant’s concentration at the interface (Гσ) was calculated be using the fundamental Gibbs 

adsorption equation [1,19]: 
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where, ἰ is stand for 1 and 2 for nonionic and ionic surfactants, respectively. 

 
When dσ/dlnC =max, than Гσ reaches its maximum value, and Гσ = Гσ

max.  
The surface area S0 (nm2) per a surfactant molecule in the saturated adsorption layer was calculated by 

the equation: 
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where, NA corresponds to the Avogadro number, while Гσ
max is the maximal adsorption value. 

Fig. 1 shows that in case of the surfactant mixtures and for the wide range of molar ratios of the 
surfactants in the solutions the surface tension isotherms are mostly positioned between the surface tension 
isotherms for the appropriate individual surfactants. 

 

 

 
Fig. 1. Surface tension in the surfactant systems: (a) DDPBr/TХ100 and (b) SDS/TX100 at different molar 
fraction of TX100 (αтх100) in the binary systems. 
 
 

Fig. 1(a) shows that the surface tension isotherms in TX100/DDPBr mixture at αTX100=0.6 and in 
SDS/TX100 system at αTX100=0.8 are located below the isotherm for the nonionic surfactant. For SDS/TX100 
mixture, the initial sections of the isotherms at αTX100=0.2-0.8 are situated under the isotherm for the single 
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nonionic surfactant. Thus, the mixed SDS/TX100 system reduces the surface tension more efficiently, 
compared to the nonionic surfactant. These findings indicate that there are specific interactions among the 
counterparts in the mixed adsorption layer on the air/solution boundary. 

The CMC values for the surfactant mixtures were evaluated by using the Clint's equation for an ideal 
system [1,20]: 

 
1/CMC = α1/CMC1+ α2/CMC2 (5) 
  

where, α1 and α2 correspond to molar fractions, while CMC1 and CMC2 correspond to CMC values for single 
surfactants 1 and 2. 

Fig. 2 shows the dependences of experimental and calculated values of CMC versus the composition 
of the surfactant mixtures. The presented data indicate that calculated and experimental CMC values for the 
surfactants mixtures match well. Thus, the obtained results specify that there are no deviations from the ideal 
behaviour in the surfactants mixtures at the given surfactants’ composition.  

 

 
 
 

 
 
Fig. 2. CMC values of the surfactants mixtures versus composition of DDPBr/TX100 (a) and SDS/TX100 (b) 
mixtures: (---) - calculation for the ideal system, (•) - experimental data. 
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The Ruben-Rosen model was employed to determine the parameters of intermolecular interactions 
during adsorption and micelle formation in the surfactant mixtures [7,21]. The parameters of intermolecular 
interactions in micelles βm and in adsorption layers βσ, changes in Gibbs energies of micelle formation ΔGm and 
adsorption ΔGads as well as composition of the adsorption layers and mixed micelles, were evaluated from the 
experimental data on surface tension and CMC in the surfactant systems. 

The βm coefficient was evaluated as follows [2,7]: 
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where CMC1 and CMC are CMC values for surfactant 1 and the surfactant mixture; 𝑥𝑥1𝑚𝑚 and α1 are the molar 
fractions of surfactant 1 in the mixed micelle and in the aqueous solution. 

To evaluate the mixed micelle composition, it is sufficient to know 𝑥𝑥1𝑚𝑚 parameter, which was 
calculated as [7,21]: 
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where, 𝑥𝑥1𝑚𝑚 and α1 are the molar fractions of surfactant 1 in the micelle and in the solution; CMC, CMC1, and 
CMC2 are CMC values of the surfactant mixture, surfactant 1 and 2, respectively. 

To evaluate the parameters of molecular interaction in a binary surfactant mixture as well as mixed 
micelles composition it is sufficient to experimentally find out CMC values both for the individual surfactants 
and the surfactant mixture. Note that βm parameter is an indicator of the non-ideal surfactant’s behaviour during 
micelle formation. The negative or positive values of βm are related to negative or positive deviancy from ideal 
behaviour, whereas the absolute βm value reflects the intensity of molecular interactions. Attractive interactions 
between the counterpart molecules are indicated by negative βm values, whereas repulsive molecular 
interactions are specified by positive βm readings. 

The standard free energy of micelle formation ΔG0
mic for the singe surfactant was calculated as [22]: 

 
CMCRTmic lnG0 =∆  (8) 

 
where, R is the universal gas constant (J mol-1·K-1), T is temperature (K) and CMC is CMC value for a given 
surfactant (mol L-1). 

It was shown that when the concentration of the surfactant mixtures is ≤0.01 mol L-1, equation (8) also 
gives reasonable ΔG0

mic values, which correlate well with ΔG0
mic values obtained by means of using other 

models [23]. 
The change of ΔG0

аds parameter also reflects the surfactant's capability to adsorb at the phase interface. 
If a saturated adsorption layer is formed at a bulk surfactant concentration ≤0.01 mol L-1, ΔG0

аds is evaluated by 
the Rosen-Aronson equation [21]: 

 

mA ANCRT π
ϖ

−=∆ log303.2G ads
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(9) 

where, Am is the maximal area for a surfactant molecule at the air/solution interface (m2); ɷ is a number of water 
moles per L and π correspond to surface tension at a given concentration C, that is needed  to  reach the Аm 
value.  

Table 1 displays the ΔG0
аds values calculated from equation (9). It is seen from the data that ΔG0

аds (by 
its absolute value) exceed G0

mic and this difference is the largest for the nonionic surfactant. The calculations 
were conducted given the saturated surface layer to be formed: Гσ=Гσ

max, С=CMC, Am=S0. The obtained values 
of ΔG0

аds demonstrate larger sorption capacity and, hence higher surface activity of TX-100, compared to the 
ionic surfactants. 
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The calculated intermolecular interaction parameter βm, micelle composition and ΔGmic values are 
displayed in Table 2. Negative values of βm parameter in Table 2 indicate that notable intermolecular 
interactions amid the surfactants in the mixed solutions take place. Also, as seen in Table 2 TX100 molecules 
dominate in the mixed micelles. The schematic presentation of the mixed DDPBr/TХ100 and SDS/TX100 
micelles in the aqueous solution is shown in Fig. 3. 

 
 

Table 2. Molar micelle fraction xm of TX100, molecular parameter βm and ΔGmic values in the surfactant’s 
mixtures. 

DDPBr/TX100 
αTX100 0.2 0.4 0.6 0.8 

xm 0.83±0.02 0.85±0.02 0.82±0.02 0.87±0.02 
βm -1.8±0.1 -2.1±0.1 -3.4±0.1 -2.9±0.1 

ΔG0mic, kJ mol-1 -20.5±0.4 -19.1±0.4 -21.4±0.5 -22.0±0.5 
SDS/TX100 

αTX100 0.2 0.4 0.6 0.8 
xm 0.72±0.02 0.77±0.02 0.70±0.02 0.79±0.02 
βm -2.3±0.1 -2.9±0.1 -3.6±0.1 -3.8±0.1 

ΔG0mic, kJ mol-1 -21.5±0.4 -22.2±0.5 -20.8±0.4 -22.4±0.5 
 

 
 

 
Fig. 3. Schematic presentation of the mixed DDPBr/TХ100 (a) and SDS/TX100 (b) micelles in the aqueous 
solution. 

 
 
 

In a similar way the molecular interaction parameter βσ in the mixed adsorption layer at the air/solution 
boundary was calculated [3]: 
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where, С0

1
 and С are the concentrations of the solution of surfactant 1 and the surfactant mixture at the given 

surface tension value; 𝑥𝑥1𝜎𝜎 and α1 are molar fractions of surfactant 1 in the mixed surface layer and in the 
solution, respectively. 

The distribution of the components in the mixed adsorption layer was evaluated from the equation 
[1,20]: 
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where, С0

1, С0
2 and С correspond to concentrations of surfactants 1,2 and the surfactant  mixture at the given 

surface tension value; 𝑥𝑥1𝜎𝜎 and α1 are the surfactant 1 fractions in the surface layer and in the solution, 
respectively 

In general, the surfactants' composition in the mixed adsorption layer (at the given surface tension) 
might be evaluated taking into account the bulk concentrations of the single and mixed surfactant solutions. 
The negative values of βσ parameter presented in Table 3 indicate strong attraction of the surfactant molecules 
and ions in the mixed adsorption layers. Such interactions are more pronounced in SDS/TX100 mixtures as the 
absolute values of βσ are larger for these mixtures compare to βσ values for DDPBr/TX100 systems.  

 
 

Table 3. Molar fraction of TX100 in an adsorption layer xσ, molecular parameter βσ and ΔG0
аds values in the 

surfactant systems at surface tension of 35 mJ m-2 
DDPBr/TX100 

αTX100 0.2 0.4 0.6 0.8 
xσ 0.80±0.02 0.83±0.02 0.87±0.02 0.89±0.02 
βσ -1.2±0.1 -2.5±0.1 -3.9±0.1 -3.2±0.1 

ΔG 0ads, kJ mol-1 -22.1±0.5 -23.3±0.5 -24.0±0.6 -25.1±0.6 
SDS/TX100 

αTX100 0.2 0.4 0.6 0.8 
xσ 0.71±0.01 0.76±0.01 0.78±0.01 0.80±0.02 
βσ -2.1±0.1 -4.2±0.1 -6.5±0.1 -6.0±0.1 

ΔG0ads, kJ mol-1 -23.2±0.5 -24.5±0.6 -26.2±0.6 -25.4±0.6 
 
 

Table 3 shows that xσ values for both SDS/TX100 and DDPBr/TX100 mixtures are notably higher than 
the relevant αTX100 values. These findings prove the mixed adsorption layer is enriched with the nonionic 
surfactant at the air/solution boundary. The analysis of the molecular interactions among the nonionic and 
cationic/anionic surfactants in the mixed adsorption layer indicate that βσ and the standard free adsorption 
energies ΔG0

ads values are higher in the surfactant mixtures at a high ТХ100 content (αТХ100 =0.6-0.8). 
Thus, as seen from the obtained experimental data for mixed DDPBr/ТХ100 and SDS/ТХ100 systems, 

a synergetic effect related to decreasing the surface tension was found. This was true when at the same total 
surfactant concentrations, the surface tension of the surfactant mixture was smaller comparing to the surface 
tension in the single surfactant solutions. On the other hand, the obtained data showed a lack of synergism 
related to the micelle formation in the surfactant’s mixtures. Obviously, a notable difference in the surfactants’ 
CMC values is a rationale for a lack of synergism during micelle formation process. The nonionic micelles in 
the surfactant mixture are formed much earlier than micelles of the ionic surfactants. The maximum βm readings 
(by the absolute value) in the mixed micelles correspond to the surfactant mixtures at αTX100=0.6-0.8. 



Article  J. Mex. Chem. Soc. 2020, 64(3) 
Regular Issue 

©2020, Sociedad Química de México 
ISSN-e 2594-0317 

 
 

199 
 

Negative deviation from the ideal behaviour, which is related to decreasing the surface tension in 
DDPBr/ТХ100 and SDS/ТХ100 surfactant mixtures, might be explained by the influence of molecular 
interactions among TX100 and the ionic surfactants in the mixed adsorption layer [24,25]. As was reported 
different types of molecular interactions including electrostatic, ion-dipole and van der Waals interactions occur 
in the mixed surfactants systems [8]. Before mixing the surfactants, there are repulsive electrostatic forces 
among the molecules of ionic surfactant (DDPBr or SDS) that bear the similar charge in the solution. These 
electrostatic interactions become weaker after mixing with the nonionic ТХ100 surfactant due to dilution. The 
decreasing of repulsive electrostatic forces amid the ionic surfactant molecules is obviously a main reason of 
increasing the negative βσ parameters in the surfactant mixtures, which consist of the nonionic and ionic 
counterparts. On the other hand, the attractive van der Waals forces between hydrophobic residues of the 
molecules of the surfactants enhance the molecular contacts in the ionic/nonionic mixtures and by this also 
contribute to larger negative values of βσ in the surfactant systems. 

The obtained data show that the mixed adsorption layer had different composition compared to the 
composition in the bulk of the binary surfactant’s solution. The mixed micelles and adsorption layers in the 
surfactant mixtures were enriched with TX100 counterpart with greater surface activity. For both 
DDPBr/TX100 and SDS/TX100 systems, the synergetic effects are most prominent at high content of the 
nonionic surfactant (αTX100 =0.6-0.8). However, βm and βσ parameters are notably higher for SDS/TX100 system 
compared to DDPBr/TX100 mixture. The strengthening of the intermolecular interactions in the SDS/TX100 
mixture might be due to the coordination of the oxyethylene chain of TX100 macromolecule with the SDS 
anion. It was previously reported that oxyethylene groups of a nonionic surfactant can complex with counter 
ions of an anionic surfactant [26]. 

 
 

Conclusion 
 
The effect of molecular interactions on the surface activity of binary mixtures of nonionic TX100 with 

ionic DDPBr and SDS surfactants was investigated. The ionic surfactants have hydrophobic alkyl chains of the 
same size but different polar groups. A feature of the systems studied is notable dissimilarity in the CMC values 
and in surface activity of the individual surfactants.  

By using the Ruben-Rosen and Rosen-Aronson models, molecular interaction parameters in the mixed 
micelles βm, and in the adsorption layers βσ, composition of mixed micelles/adsorption layers, as well as ΔG0

mic 
and ΔG0

ads values were evaluated. Synergism related to reducing the surface tension in the surfactant mixtures 
was found while no deviations from the ideal behaviour in the micelle formation was observed.  

It was shown that the mixed adsorption layers and the micellar phases are enriched with TX100 
surfactant and such enrichment is the largest at αTX100= 0.6-0.8. Both for SDS/TX100 and DDPBr/TX100 
systems, the synergetic effects as well as negative values of βσ and ΔG0

ads parameters are most pronounced at a 
high TX100 molar fraction in the surfactant mixtures. The negative readings of βσ parameter indicate that 
attraction of the molecules and ions in the mixed adsorption layers occur.  

It should be highlighted that ΔG0
аds, βm and βσ values are notably higher for SDS/TX100 mixture 

compared to DDPBr/TX100 system. This difference might be explained by strengthening of the intermolecular 
interactions due to chelating of the oxyethylene groups of TX-100 with the SDS anions. 
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