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Structure of surfactant molecules 
 

Representative structures of the NaDDBS and EOT surfactants are shown in Fig. S1 and S2 

below.  

 

Fig. S1 Representative structure for NaDDBS 

 

Fig. S2 Representative structure for EOT 

Appendix A - Theory for surfactant mixtures 
 

In mixed surfactant solutions the formation of mixed micelles in the bulk and mixed layers at 

the interface are key phenomena. Thus, the critical micelle concentration, as well as the 

composition of the mixed micelles and the mixed adsorption layers are of great importance to 

characterise the properties of mixed surfactant systems. 1  

The pseudo-phase separation model, that considers micelles in the bulk phase to be different 

and thermodynamically independent phases 2,3 in equilibrium with monomers is based on the 

regular solution theory and can be used to describe the properties of solutions of surfactant 

mixtures. The regular solution theory, initially introduced by Rubingh, 4–6 can be used to predict 

the CMC and the micellar composition. 3 

According to RST, for surfactant mixtures where there are interactions among the molecules, 

the theoretical CMC (𝐶𝑀𝐶𝑡ℎ𝑒𝑜𝑟) value of the system can be predicted from: 7  
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𝟏

𝑪𝑴𝑪𝒕𝒉𝒆𝒐𝒓
= ∑

𝒂𝒊

𝒇𝒊
𝜧𝑪𝑴𝑪𝒊

𝒏

𝒊=𝟏

                                                                                                                (𝐒𝟏) 

where, 𝛼𝑖 is the stoichiometric mole fraction, 𝐶𝑀𝐶𝑖 (mol m-3) is the critical micelle 

concentration and 𝑓𝑖
𝛭is the activity coefficient of the ith surfactant in the mixture. The activity 

coefficients account for the ideality of mixing. 8,9  

The critical micelle concentration of a mixture containing similarly structured ionic or non-

ionic surfactants can be well predicted by assuming that the ideal solution theory is obeyed in 

the micellar phase. In this case, 𝑓𝑖
𝛭 = 1 and Clint’s model 10 can be obtained from equation 

(S1) and reads: 11 

𝟏

𝑪𝑴𝑪𝒊𝒅𝒆𝒂𝒍
= ∑

𝒂𝒊

𝑪𝑴𝑪𝒊

𝒏

𝒊=𝟏

                                                                                                                      (𝐒𝟐) 

The interaction parameter 𝛽𝑀 among surfactants in mixed micelles, according to the regular 

solution theory, can be calculated as: 12 

𝜷𝑴 =

𝒍𝒏
𝑪𝑴𝑪𝒆𝒙𝒑𝜶𝒊

𝑪𝑴𝑪𝒊𝑿𝒊
𝜧

𝑿𝒋
𝜧𝟐

 𝒐𝒓 𝜷𝑴 =

𝒍𝒏
𝑪𝑴𝑪𝒆𝒙𝒑𝜶𝒊

𝑪𝑴𝑪𝒊𝑿𝒊
𝜧

(𝟏 − 𝑿𝒊
𝜧)𝟐

                                                                              (𝐒𝟑) 

where, 𝑋𝑖
𝛭 and 𝑋𝑗

𝛭
 are the micellar mole fractions of i and j components, and 𝐶𝑀𝐶𝑒𝑥𝑝 (mol m-

3) is the critical micelle concentration value of the mixture, as determined experimentally.  

The interaction parameter 𝛽𝑀, is defined as the change in the enthalpy of a system when two 

surfactants are mixed 12 and provides information on the degree of association among the 

surfactants in the mixed micelles, 9 relative to the self-interactions of the individual surfactants 

before mixing. 13,14 When 𝛽𝑀 = 0 mixing is ideal, when 𝛽𝑀< 0 mixing is not ideal and there is 

negative deviation from ideal mixing while when 𝛽𝑀> 0 surfactants are incompatible and 

micellar demixing occurs. The more negative the values of 𝛽𝑀 are, the stronger the interactions 

among the surfactants. 15 Large negative values of 𝛽𝑀 can be observed in the case of two 

oppositely charged surfactants. Positive values of 𝛽𝑀 are noted rarely and mainly in mixtures 

of surfactants with hydrocarbon and fluorocarbon tails. 16,17 Positive values of 𝛽𝑀 may suggest 

that micellar demixing occurs. 18 Values of 𝛽𝑀 equal to zero are expected when surfactants of 

the same class, i.e., surfactants with same headgroups, are mixed. 17 
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The micellar mole fraction of the surfactants, e.g., the ith surfactant (𝑋𝑖
𝛭), is calculated from: 

13 

(𝑿𝒊
𝜧)𝟐𝒍𝒏

𝑪𝑴𝑪𝒆𝒙𝒑𝜶𝒊

𝑪𝑴𝑪𝒊𝑿𝒊
𝜧

(𝟏 − 𝑿𝒊
𝜧)𝟐𝒍𝒏 

𝑪𝑴𝑪𝒆𝒙𝒑(𝟏 − 𝜶𝒊)

𝑪𝑴𝑪𝒋(𝟏 − 𝑿𝒊
𝜧)

= 𝟏                                                                                              (𝐒𝟒) 

where, 𝐶𝑀𝐶𝑗  is the critical micelle concentration of the jth component in the mixture. This 

equation can be solved iteratively for 𝑋𝑖
𝛭. 12  

In a similar way, the equations for the mixed micelles derived from Rubingh 6 have further 

been extended to the mixed layers by Rosen and Hua 19 and used to calculate the interaction 

parameter between surfactants at mixed layers formed at water/air interfaces. 

The interaction parameter 𝛽𝑆 between surfactants in mixed layers, can be calculated as follows: 

19 

𝜷𝑺 =

𝒍𝒏
𝒄𝒕𝒐𝒕𝒂𝒍𝜶𝒊
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𝑿𝒋
𝑺𝟐  𝒐𝒓 𝜷𝑺 =

𝒍𝒏
𝒄𝒕𝒐𝒕𝒂𝒍𝜶𝒊

𝒄𝒊
𝟎𝑿𝒊

𝑺

(𝟏 − 𝑿𝒊
𝑺)𝟐

                                                                                           (𝐒𝟓) 

where, 𝑋𝑖
𝑆 and 𝑋𝑗

𝑆are the micellar mole fractions of surfactants i and j in the mixed layers, 𝑎𝑖 

is the stoichiometric mole fraction of the ith component in the mixture, 𝑐𝑖
0 (mol m-3) is the 

concentration of the ith surfactant in the bulk and 𝑐total (mol m-3) is the bulk concentration of 

the mixture ij, at a given surface tension value. 

Again, the interaction parameter 𝛽𝑆, provides information on how attractive or repulsive are 

the interactions between surfactants in the mixed layers, relative to the self-interactions of the 

individual surfactants before mixing. 19  

Finally, to calculate the mole fraction of the ith surfactant at mixed layers, the equation below 

can be implemented: 19 

(𝑿𝒊
𝑺)𝟐𝒍𝒏

𝒄𝒕𝒐𝒕𝒂𝒍𝜶𝒊

𝒄𝒊
𝟎𝑿𝒊

𝑺

(𝟏 − 𝑿𝒊
𝑺)𝟐𝐥𝐧 

𝒄𝒕𝒐𝒕𝒂𝒍(𝟏 − 𝜶𝒊)

𝒄𝒋
𝟎(𝟏 − 𝑿𝒊

𝑺)

= 𝟏                                                                                                     (𝐒𝟔) 

where 𝑐𝑗
0 (mol m-3) is the concentration of the jth surfactant in the bulk, at a given surface 

tension value. 
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Appendix B - Supplementary Material 

 

Fig. S3 Dynamic surface tension measurements for the (a) 𝑛EOT = 0.1𝑛NaDDBS (CMC = 

3.92×10-2 mol m-3) and (b) 𝑛EOT = 𝑛NaDDBS (CMC = 1.72×10-2 mol m-3) premixed surfactant 

mixtures cases. The last curve in both graphs, represents total bulk concentrations above the 

CMC of the mixtures. 

 

Fig. S4 Dynamic surface tension measurements for the 𝑛EOT = 0.1𝑛NaDDBS add one by one 

surfactant mixtures case: (a) (1) anionic (2) non-ionic and (b) (1) non-ionic (2) anionic. The 

elapsed time that corresponds to the addition of EOT and NaDDBS is shown for 𝑐total = 

3.92×10-3 mol m-3, indicatively.   
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Fig. S5 Dynamic surface tension measurements for the 𝑛EOT = 𝑛NaDDBS add one by one 

surfactant mixtures case: (a) (1) anionic (2) non-ionic and (b) (1) non-ionic (2) anionic. The 

elapsed time that corresponds to the addition of EOT and NaDDBS is shown for 𝑐total = 

1.72×10-2 mol m-3, indicatively.   
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