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A B S T R A C T   

The kinetics of surfactant adsorption at interfaces is crucial in many industrial settings. Maximum bubble 
pressure tensiometry allows accessing the adsorption at time scales of tens of ms to uncover the initial stages of 
surfactant diffusion to the interface. This method was used to investigate electrolyte solutions of sodium 
dodecylbenzenesulfonate (SDBS), specifically targeting how the presence of small amounts of divalent cations 
(Mg2+, Ca2+, Sr2+ and Ba2+) influenced the adsorption kinetics and equilibrium. The dynamic surface tensions 
revealed that the adsorption of SDBS was strongly influenced by the presence of divalent cations due to strong 
interactions with the anionic surfactant. In addition, the type (i.e. size) of cations played a role. The strong 
divalent cation-surfactant interactions lead to distinct lowering of surfactant diffusion coefficients, calculated 
using the short-time approximation solution of the Ward-Tordai equation. The diffusion coefficients were slightly 
and similarly lowered for all types of divalent cations when the surfactant concentration was increased up to the 
critical micelle concentration (CMC). Above CMC, the diffusion coefficients increased steadily depending on the 
divalent cation. It was speculated that this could be due to differences in structure and aggregation numbers of 
micelles and slower disassembly of micelles to supply monomers for adsorption. Furthermore, CMC of SDBS was 
reduced according to the Hofmeister series in the presence of divalent cations.  
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1. Introduction 

The adsorption kinetics of surfactants at fluid interfaces is of 
importance in many technical, biological and industrial applications, 
including wetting, detergency, foaming, emulsification, separation and 
ion flotation [1–6]. The adsorption is typically investigated by 
measuring the dynamic surface tension of newly created interfaces 
exposed to surfactant solutions. Measurements of the surfactant dy-
namics can be performed at time scales down to milliseconds with the 
maximum bubble pressure technique. The occurrence of commercial 
and reliable maximum bubble pressure instruments was initially 
accompanied with studies that developed theoretical and experimental 
approaches to follow the adsorption kinetics [7–12]. Subsequently, the 
method has been used to investigate the adsorption behaviour of bio-
surfactants [13,14], gemini surfactants [15], mixed surfactant solutions 
[16], lung surfactants interacting with inhalable powders [17] and 
fragrance molecules [18]. 

The short time adsorption kinetics of ionic surfactants at air-water 
interfaces have been investigated to some extent. A series of sodium 
alkyl sulphates were used by Fainerman et al. to analyse the adsorption 
kinetics in terms of their asymptotic solutions of the adsorption kinetic 
theory [7]. Subsequently, they followed the adsorption behaviour of 
sulphate and sulphonate based surfactants with various extents of 
ethoxylation in the structure [19]. Gao et al. investigated the adsorption 
kinetics of sulfosuccinate surfactants [20], Kalekar et al. looked at how 
various organic additives affected the dynamic behaviour of sodium 
lauryl sulphate [21], while the adsorption kinetics of mixed 
anionic-cationic (sodium dodecyl sulphate and dodecyl-
trimethylammonium bromide) surfactant solutions was followed by 
Frese et a.l [16]. In all these studies pure water was the solvent, and the 
structure and concentration of surfactants were the prime interest. 

Despite the influence of electrolytes on the adsorption kinetics and 
their presence in most technical systems and applications. Ritacco et al. 
used addition of sodium bromide to probe the influence of electrostatics 
on the adsorption kinetics of dodecyl trimethylammonium bromide 
[22]. The adsorption kinetics of sodium dodecyl sulphate and dodecyl 
trimethylammonium bromide in various monovalent salt solutions were 
studied by Danov et al. to verify theoretically derived expressions which 
showed that the diffusivity of ionic surfactants largely depended on the 
concentration of surfactant and non-amphiphilic salt [23]. Even though 
traces of divalent cations significantly influenced the adsorption of 
various sulfonate surfactants at oil-water interfaces [24,25], to the best 
of our knowledge, no studies have reported on how the presence of 
divalent cations influence the short-time adsorption kinetics of anionic 
surfactants at air-water interfaces. 

The purpose of this study was to investigate how the presence of 
small amounts of divalent cations in sodium chloride solutions influ-
enced the adsorption behaviour of sodium dodecylbenzenesulfonate 
(SDBS) at the air-water interface. The divalent cations were Mg2+, Ca2+, 
Sr2+ and Ba2+. Dynamic surface tension measurements were performed 
using the maximum bubble pressure method with bubble lifetimes 
ranging from milliseconds to minutes. The dynamic surface tension 
profiles were analysed in terms of the short-time approximations of the 
Ward-Tordai equation for surfactant adsorption. The resulting diffusion 
coefficients were used to estimate the time span of diffusion limited 
adsorption for the various surfactant systems. The surface tension at the 
longest bubble lifetimes (> 100 s) were used to estimate the critical 
micelle concentration (CMC) and evaluate thermodynamic parameters. 

2. Experimental 

2.1. Chemicals 

The surfactant used in this study was sodium dodecylbenzenesulfo-
nate (Sigma-Aldrich, technical grade). The salts were NaCl (Merck 
Emsure, p.a.), CaCl2⋅2H2O (Sigma-Aldrich, p.a.), MgCl2⋅6H2O (Merck, p. 

a.), BaCl2⋅2H2O (Riedel-de-Haën, p.a.), SrCl2⋅6H2O (Sigma-Aldrich, 
99%). All the chemicals were used as received. Ion exchanged water 
with resistivity 18.2 MΩ cm− 1 (Millipore Simplicity System) was used to 
prepare all the solutions. 

2.2. Aqueous solutions 

Stock solutions of SDBS were prepared by dissolving the surfactant in 
the appropriate electrolyte solution. The ionic composition in the elec-
trolyte solutions consisted of pure sodium chloride or sodium chloride 
mixed with small amount of either calcium, magnesium, barium or 
strontium chloride. Two molar ratios (117 and 57) between monovalent 
and divalent cations were used, while the ionic strength was always kept 
constant at 20 mM. The stock solutions were diluted with the appro-
priate electrolyte solutions to give surfactant concentrations from well 
above to well below the critical micelle concentrations. Some issues with 
solubility were encountered at the highest concentrations of barium and 
strontium, and precipitates might have formed. Similar observations 
were made with the same series of divalent ions in a study of the solu-
bility of dodecyl sulfate salts [26]. 

2.3. Density measurements 

The density of the aqueous solutions was measured at 25 ◦C using a 
density meter (DMH 5000, Anton Paar, Austria). The values were used 
as an input parameter in the surface tension measurements. 

2.4. Dynamic surface tension measurements 

The dynamic surface tension was measured with a maximum bubble 
pressure tensiometer (BP100, Krüss, Germany). A hydrophobized glass 
capillary (SH3120, Krüss, Germany) with inner diameter of approxi-
mately 0.2 mm was immersed into 35 ml aqueous solutions. Air bubbles 
with surface ages from about 10 ms to 250 s were formed in the solution 
and the surface tension was obtained from the maximum pressure 
measurements using the Young-Laplace equation. The surface tension of 
deionized water (from a Millipore Simplicity System) was within 72±1 
mN/m before any sample measurements were started. All the mea-
surements were carried out at 25±1 ◦C. Three repeated measurements 
were performed for all solutions. 

2.5. Data analysis 

2.5.1. Equilibrium surface tension analysis 
For most of the systems, equilibrium surface tensions were reached 

during the last measurement points, i.e. surface ages from 160 to 250 s 
(Fig. S1 in Supporting Information). The equilibrium values were 
calculated as the average of these measurements and the standard de-
viation was less than 0.6 mN/m in all cases. For both solutions with of 
barium and the solutions with the highest amount of magnesium and 
strontium, there was still a minor decay in surface tension when the 
surface age increased from 200 to 250 s (Fig. S2 in Supporting Infor-
mation). However, the change was small and the values measured at 
these two surface ages were used as the equilibrium surface tension. The 
standard deviation was less than 0.9 mN/m. 

The critical micelle concentrations (CMC) were determined from the 
break point in the curves when equilibrium surface tensions were 
plotted against the logarithms of surfactant concentrations (Fig. S3 in 
Supporting Information). One linear regression was carried out for the 
points where the surface tension clearly changed, while a second linear 
regression was carried out for the points with virtually no change in the 
surface tension. The CMC values were calculated by equating the two 
equations and solving for log [SDBS]. 

The surface excess (Γmax) and minimum surface area per surfactant 
(Amin) were calculated using Gibbs adsorption isotherm: 
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Γmax =
1

2.303nRT

(
dγ

dlogc

)

=
1

Amin NA
(1)  

where 
(

dγ
dlogc

)
is the slope describing the change in surface tension (γ) as a 

function of the bulk surfactant concentration (c) below CMC, R is the gas 
constant, T is the temperature in Kelvin, n is a constant depending on the 
number of components the surfactant consists of and NA is Avogadro’s 
number. In this study, the calculations were performed with n = 1 since 
the electrolyte concentrations were considerably higher than the sur-
factant concentrations. 

The standard free energy of micellisation (ΔG0
mic) was calculated by 

the following equation: 

ΔG0
mic = RTln(cmc) (2) 

The standard free energy of adsorption at the air-solution interface 
(ΔG0

ads) was calculated by the following equation: 

ΔG0
ads = ΔG0

mic −
π

Γmax
(3)  

where π is the surface pressure, γ0 − γeq, with γ0and γeq representing the 
surface tension of pure aqueous solution and equilibrium surface ten-
sion, respectively. 

2.5.2. Dynamic surface tension analysis 
Two models are usually used to describe transport and adsorption of 

surfactant monomers to an interface [27]: 

1. The diffusion-controlled mechanism. Here a region of the bulk so-
lution close to the surface, a few molecular diameters thick, is 
defined as the “sub-surface”. The monomers diffuse from the bulk 
solution and into the sub-surface region. Once the monomers are in 
the sub-surface region, it is assumed that they adsorb instantaneously 
onto the interface. This means that the rate-determining step is the 
diffusion from the bulk solution to the sub-surface.  

2. The mixed kinetic-diffusion mechanism. Also in this model, the 
monomers diffuse from the bulk solution and into the sub-surface. 
However, here it is assumed that an adsorption barrier prevents 
instantaneous adsorption when the monomers enter the sub-surface 
region. The rate-determining step in this case is the transfer of 
monomers from the sub-surface to the interface. The adsorption 

barrier can be due to various factors that can decrease the adsorption 
rate, including increased surface pressure as the surface fills up or 
charge, steric or orientation restraints that slow down adsorption of 
molecules to the interface. The result will be diffusion of molecules 
back to the bulk solution and increased time for the decay in the 
interfacial tension. 

The starting point for evaluating adsorption mechanisms is often to 
consider deviations from the purely diffusion-controlled mechanism 
[27]. The classical Ward-Tordai equation describes the adsorption of 
surfactants on a clean surface as a purely diffusion-controlled process 
[28]: 

Γ(t) = 2c0

̅̅̅̅̅
Dt
π

√

− 2
̅̅̅̅
D
π

√ ∫ t

0
cs(t − τ)dτ1/2 (4)  

where Γ(t) is the surface excess at time t, c0 is the bulk surfactant con-
centration, D is the surfactant diffusion coefficient, cs is the surfactant 
concentration in the sub-surface and τ is a dummy variable of integra-
tion. The first term in this equation accounts for the diffusion of sur-
factants from the bulk to the interface, while the second term accounts 
for diffusion back to the bulk when the interface becomes sufficiently 
crowded. In most cases the equation cannot be solved analytically, but 
asymptotic solutions have been derived [7]. 

Since no back diffusion will occur at the beginning of the adsorption 
process, the last term of Eq. 4 can be neglected. The surface excess can 
then be approximated by the following equation: 

Γ(t) = 2c0

̅̅̅̅̅
Dt
π

√

(5) 

An appropriate adsorption isotherm is required to relate Γ(t) and the 
dynamic surface tension, γ(t). The surfactant solution is dilute at the 
beginning of the adsorption (i.e. γ→γ0) and the linear Henry isotherm 
can be used: 

γ − γ0 = − nRTΓ (6)  

where n was set equal to one because the electrolyte concentration was 
considerably higher than the surfactant concentrations in the solutions. 
Substitution of Eq. 6 into Eq. 5 results in the following: 

γt→0 = γ0 − 2RTc0

̅̅̅̅̅
Dt
π

√

(7) 

The dynamic surface tension data was used to make plots of γ versus 
̅̅
t

√
(Fig. S4 in Supporting Information), and the diffusion coefficients (D) 

were calculated in the linear (i.e. diffusion controlled) region using Eq. 
7. 

3. Results and discussion 

3.1. Equilibrium surface tensions 

Table 1 lists values from the literature for the critical micelle con-
centration, average number of surfactants in micelles (Nagg), surface 

Table 1 
Literature values [39–44] for SDBS properties in pure 
water.  

Property  

CMC (mM) 1.20–3.00 
Nagg 51–62 
Γmax (106 mol/m2) 1.62 
Amin (Å2/molecule) 103 
ΔG0

ads (kJ/mol) -57.1 
ΔG0

mic (kJ/mol) -31.5 
ΔG0

ads/ΔG0
mic 1.8  

Table 2 
Parameters calculated from the equilibrium surface tension.  

Sample CMC (mM) γbeyond− CMC (mN/m) Γmax (106 mol/m2) Amin (Å2/molecule) ΔG0
ads (kJ/mol) ΔG0

mic (kJ/mol) ΔG0
ads/ΔG0

mic 

Pure NaCl  0.67±0.04  31.9±0.3  2.45±0.49  68±4  -34.2±1.1  -18.1±0.1  1.9 
Na/Mg= 117  0.35±0.02  30.8±0.2  3.46±0.20  48±3  -31.4±0.6  -19.7±0.2  1.6 
Na/Mg= 57  0.31±0.04  29.5±1.3  4.54±0.84  37±7  -29.5±1.1  -20.1±0.4  1.5 
Na/Ca= 117  0.37±0.03  29.5±0.2  3.30±0.62  52±11  -32.5±2.9  -19.6±0.2  1.7 
Na/Ca= 57  0.30±0.01  28.0±0.0  3.32±0.18  50±3  -33.2±0.6  -20.1±0.1  1.7 
Na/Sr= 117  0.37±0.01  29.4±0.6  3.82±0.57  44±7  -30.7±1.7  -19.6±0.1  1.6 
Na/Sr= 57  0.24±0.02  29.9±0.1  5.00±0.22  33±2  -29.0±0.3  -20.7±0.2  1.4 
Na/Ba117  0.20±0.04  31.6±1.0  3.38±0.58  50±8  -33.2±2.4  -21.2±0.5  1.6 
Na/Ba= 57  0.16±0.03  34.6±0.2  3.51±0.41  48±6  -34.1±3.0  -21.7±0.5  1.6  
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excess, minimum surface area per surfactant and Gibbs free energy of 
adsorption and micellization for SDBS in pure water. The properties 
calculated from the equilibrium surface tensions in this study are listed 
in Table 2. Dissolved in 20 mM sodium chloride solution, the CMC of 
SDBS was 0.67 mM. This is lower than the CMC values reported for pure 
water, which range from 1.20 to 3.00 mM. The lower value is reasonable 
since the presence of electrolyte will screen the repulsion between 
negatively charged sulfonate groups and thereby promote micelle 

formation. The presence of divalent cations lowered the CMC values 
further, and the largest reduction was observed for the solutions with the 
highest amounts of divalent cations. The sequence of CMC values for the 
solutions with lowest amounts of divalent cations (i.e. Na/X = 117, 
where X is the divalent cation) was as follows:  

Na+ >> Mg2+ ≈ Ca2+ ≈ Sr2+ > Ba2+

Here, the solutions with barium had notably lower CMC than the 

Fig. 1. : The dynamic surface tension on logarithmic time scale of SDBS in (A) NaCl solutions and (B) mixed NaCl and BaCl2 solutions (molar ratio Na/Ba = 57), both 
at ionic strength 20 mM. The legends indicate the surfactant concentrations (mM). 
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other solutions with divalent ions. At the high amounts of divalent 
cations (Na/X = 57), the sequence changed into the following:  

Na+ >> Mg2+ ≈ Ca2+ > Sr2+ > Ba2+

In this case, both strontium and barium solutions showed lower CMC 
compared to the other two ions, still with a markedly lower value for the 
barium solutions. In summary, the amount and type of divalent cations 
affected the CMC of the surfactant solutions, which means that the 
divalent cations interacted stronger with the sulfonate headgroups of the 
surfactant than the monovalent sodium ions. This agrees with other 
studies as well [24,29–31]. Furthermore, the effect of the ions followed a 
Hofmeister series, i.e. the CMC values became lower when the ion-size of 
the divalent ions increased. Sulfonates have been classified as large 
anionic headgroups [32], and the trend indicated that they interacted 
preferentially with the largest counterions. This is consistent with 
empirical observations of matching water affinities for simple electro-
lytes, where large cations preferentially interact with large anions [33]. 

None of the other properties based on the equilibrium surface ten-
sions showed the same Hofmeister sequence. The surface tensions 
beyond CMC were slightly lower in the presence of divalent cations 
(Mg2+, Ca2+ and Sr2+) than in the sodium chloride solution. This indi-
cated closer packing of the surfactants at the interface at constant ionic 
strength of the solutions. In the solutions containing Ba2+, however, the 
surface tension was higher than in the pure sodium chloride solution. 
This could be a result of the strong interactions between barium and 
sulfonate groups promoting formation of complexes with two surfactant 
molecules attached to one barium ion. Such complexes could have lower 
solubility than for the other metal ions and precipitate in the solutions 
[34]. This would appear as reduced interfacial activity. 

The surface excess was considerably higher in the electrolyte solu-
tions (Table 2) than in pure water (Table 1), again demonstrating the 
charge screening effect by the cations, resulting in closer packing of 
surfactants at the interface. The strong interactions between the divalent 
ions and surfactant increased the surface excess and surfactant packing 
further, with most pronounced effect at high amounts of Mg2+ and Sr2+. 
The corresponding molecular areas showed a change from 103 Å/ 
molecule in pure water to 68 Å/molecule in pure sodium chloride, while 
the average values ranged from 44 to 52 Å/molecule and from 33 to 
50 Å/molecule for the lowest and highest amounts of divalent ions, 
respectively. 

The change in Gibbs free energy of both adsorption and micellization 
became significantly smaller in electrolyte solutions, compared to pure 
water. The ratio between free energy of adsorption and free energy of 
micellization was, however, similar in pure water (1.8) and 20 mM NaCl 
(1.9). In the presence of divalent cations, this ratio was somewhat lower 
(1.4–1.7). The free energy of adsorption increased somewhat in the 
presence of divalent cations (Table 2). This was accompanied by a 
decrease in the free energy of micellization, showing that the divalent 
ions promoted micelle formation, in agreement with the lowering of the 
CMC values. Nevertheless, the free energy of adsorption was consider-
ably lower than the free energy of micellization, and in all the systems 
the surfactant showed higher preference for adsorbing at the interface 
than forming micelles. This is also reflected in relatively low aggregation 
numbers, ranging from 51 to 62 in pure water (Table 1) and 59 in 10 mM 
NaCl [35]. 

3.2. Dynamic surface tensions 

The dynamic surface tensions for SDBS dissolved in sodium chloride 
solutions with and without Ba2+ present are shown in Fig. 1. The loga-
rithmic time scale emphasizes the effects of surfactant concentration at 
the short surface ages. Clearly, the surface tensions decreased more 
rapidly in the pure sodium chloride solutions than in the presence of 
barium ions. Furthermore, the surface tension decreased more rapidly 
when the surfactant concentrations increased, Fig. 1A. For the most 
concentrated surfactant solutions a notable decay in the surface tension 
occurred already after 10 ms, while it occurred around 100 ms for the 
most dilute solutions. Increased surfactant concentration also resulted in 
faster reduction of the surface tension in the systems with barium pre-
sent, Fig. 1B. In this case, however, it took about 1 s for the most 
concentrated surfactant solutions and around 10 s for the most dilute 
surfactant solutions before significant reduction in the surface tension 
was observed. Generally, the presence of divalent ions slowed down the 
adsorption kinetics considerably, and the two systems shown here rep-
resented the most pronounced difference. The remaining surface tension 
curves can be found in the Supporting Information (Fig. S5). 

The diffusion coefficients, calculated in the diffusion-controlled 
regime, for the different SDBS concentrations in pure NaCl solutions 
are plotted in Fig. 2. Below CMC, the diffusion coefficient increased from 
1.4 − 4.0 × 10− 10 m2/s with increasing concentration. Literature values 

Fig. 2. : The diffusion coefficients for SDBS in NaCl solutions at ionic strength 20 mM.  
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for the diffusion coefficients of SDBS were not found, but diffusion co-
efficients reported for sodium dodecyl sulfate (SDS), a relatively similar 
anionic surfactant, are in the range 7.9 − 11.2 × 10− 10 m2/s [36,37]. 
Considering that the molecular weight for SDBS is higher (348.5 g/mol) 
than for SDS (288.4 g/mol), the values calculated for SDBS were 
reasonable. Above CMC, the diffusion coefficients increased faster with 
concentration than below it and reached 2.2 × 10− 9 m2/s at 3.4 CMC. 

The diffusion coefficients were lower in the presence of divalent ions 
and demonstrated effective interactions between the sulfonate head-
groups of surfactant monomers and the divalent cations as discussed 
above. The evolution of diffusion coefficients was also different with 
divalent ions present, Fig. 3. Below CMC, the diffusion coefficient 
slightly declined with increasing SDBS content for both ratios of divalent 
ions. The decline was from 1.3 × 10− 10 − 2.7 × 10− 11 m2/s at low 

amounts of divalent ions and from 1.0 × 10− 10 − 3.0 × 10− 11 m2/s at 
high amounts of divalent ions. Beyond CMC, the diffusion coefficients 
increased depending on the type and amounts of divalent ions. For the 
lowest amount of divalent cations, the diffusion coefficient increased 
fastest for magnesium and calcium, reaching 6.9 × 10− 10 m2/s at about 
2 CMC, while it was slower for strontium and barium, where the latter 
reached 2.1× 10− 10m2/s at about 3 CMC (Fig. 3A). The trends were 
similar, but the diffusion coefficient increased slower at the highest 
amounts of divalent ions (Fig. 3B). 

The results above will initially be discussed for surfactant concen-
trations below CMC, followed by a discussion for concentrations above 
CMC. 

In the solutions below CMC with only monovalent cations, the sur-
factant molecules will be present both in a non-dissociated and 

Fig. 3. : The diffusion coefficient for SDBS in salt solutions at ionic strength 20 mM with the molar ratio Na/X = 117 (A) and Na/X = 57 (B), where X is the 
divalent ion. 
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dissociated form, Fig. 4A. Increasing the concentration of the surfactant 
will lead to increased chemical potential gradients between the bulk 
solution and the sub-surface layer, which will be the driving force for the 
diffusion to the sub-surface and adsorption of surfactants at the air- 
water interface. 

In the solutions with both mono- and divalent cations, the overall 
lowering of the values of the diffusion coefficients demonstrate 
surfactant-divalent cation interactions. Now additional surfactant-ion 
configurations can occur: i) complexes between a dissociated surfac-
tant, a divalent cation, and a chloride anion, and ii) complexes between 
two dissociated surfactants and a divalent cation, Fig. 4B. These com-
plexes will become more prevalent in the solutions as the surfactant 
concentration approaches CMC, and since their molecular weights are 
larger than for both the dissociated and undissociated SDBS it can 
explain the slight decrease in the diffusion coefficients when the sur-
factant concentration approached CMC (and even beyond CMC for the 
Na/X = 57 solutions). 

Above CMC, the increase in diffusion coefficients with increasing 
surfactant concentration for the lowest amounts of divalent ions 
(Fig. 3A) can be considered in view of the one-to-one stoichiometry 
between the surfactants and divalent cations. Beyond this stoichiometric 
concentration, all the divalent ions are consumed and the amount of 
undissociated and dissociated surfactants will increase in the solutions, 
resulting in faster diffusion and higher diffusion coefficients. For solu-
tions containing magnesium, calcium and strontium the stoichiometric 
concentrations are in the same range as the corresponding CMCs and 
agreed well with the concentration where the diffusion coefficients 
started to increase. For the solutions containing barium, the one-to-one 
stoichiometry occurred at a surfactant concentration considerably 
higher than the CMC, and in this case the increase in diffusion coefficient 
values started at higher concentrations and was less pronounced. For the 
solutions with the high amounts of divalent ions (Na/X = 57), however, 
the one-to-one stoichiometry between the surfactants and divalent cat-
ions are at surfactant concentrations 2–3 times the CMC. Even though 
the diffusion coefficients were quite similar for all solutions up to about 
1.5 times CMC, they started to increase already at this concentration for 
the solutions with magnesium and calcium. This suggested that other 
factors also influenced the diffusion process. 

Disassembly of micelles will provide surfactant monomers that 
diffuse into the subsurface and become adsorbed at the bubble surface. 
In the solutions with pure sodium chloride, the micellar disassembly 
kinetics was likely fast enough to supply monomers for the diffusion 

process. In the solutions with divalent cations, however, the stronger 
interactions between counterions and surfactant molecules probably 
slowed down the disassembly kinetics. Furthermore, it has been re-
ported that the aggregation number of sodium dodecyl sulfate, a similar 
surfactant to SDBS, changed from ca. 60 in monovalent ion solutions to 
up to 100, depending on the type of divalent counterions [38]. It is 
reasonable to assume similar trends for SDBS, and that there can be a 
transition from spherical to more rod-like micelle shapes upon adding 
the divalent cations. Hence, they would not only slow down the disas-
sembly kinetics, but also slow down the diffusion of micelles (i.e. 
monomer reservoirs) towards the subsurface. 

4. Conclusions 

The adsorption kinetics of SDBS at short time scales and micelle 
formation were shown to be largely dependent on the concentration and 
type of divalent cations present in the solutions. Both equilibrium and 
kinetic analyses showed that the monovalent sodium ions could be 
replaced by divalent cations through strong interactions with the 
anionic surfactant. The CMC of the solutions decreased according to the 
Hofmeister series, while other properties, like surface excess and mo-
lecular area, did not strictly follow this trend. The dynamic surface 
tension analysis revealed stark differences in the initial stages of the 
SDBS-cation complexes diffusion to the air-water interfaces. In the sys-
tems with only sodium, the diffusion coefficients continuously increased 
with increasing surfactant concentration. In the presence of divalent 
cations, the diffusion coefficients decreased slightly up to a certain 
concentration (close to or somewhat beyond the CMC). This behaviour 
can be attributed to formation of larger divalent cation – surfactant 
complexes below CMC, and retarded micellar disassembly kinetics and 
transitions into larger micelle aggregates above CMC. 
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[32] N. Vlachy, B. Jagoda-Cwiklik, R. Vácha, D. Touraud, P. Jungwirth, W. Kunz, 
Hofmeister series and specific interactions of charged headgroups with aqueous 
ions, Adv. Colloid Interface Sci. 146 (2009) 42–47. 

[33] K.D. Collins, Ions from the Hofmeister series and osmolytes: effects on proteins in 
solution and in the crystallization process, Methods 34 (2004) 300–311. 

[34] H. Suzuki, T. Terada, Removal of dodecyl sulfate from protein solution, Anal. 
Biochem. 172 (1) (1988) 259–263. 

[35] A.K. Sood, M. Aggarwal, Evaluation of micellar properties of sodium 
dodecylbenzene sulphonate in the presence of some salts, J. Chem. Sci. 130 (2018) 
39. 

[36] Y. Chen, J.H. Xu, G.S. Luo, The dynamic adsorption of different surfactants on 
droplet formation in coaxial microfluidic devices, Chem. Eng. Sci. 138 (2015) 
655–662. 

[37] K. Wang, L. Zhang, W. Zhang, G.S. Luo, Mass transfer-controlled dynamic 
interfacial tension in microfluidic emulsification processes, Langmuir 32 (2016) 
3174–3185. 

[38] W. Baumüller, H. Hoffmann, W. Ulbricht, C. Tondre, R. Zana, Chemical relaxation 
and equilibrium studies of aqueous solutions of laurylsulfate micelles in the 
presence of divalent metal ions, J. Coll. Int. Sci. 64 (3) (1978) 418–437. 

[39] Z. Tu, L. Ding, M. Frappart, M.Y. Jaffrin, Studies of treatment of sodium dodecyl 
benzene sulfonate solution by high shear ultrafiltration system, Desalination 240 
(2009) 251–256. 

[40] S. Chauhan, K. Sharma, Effect of temperature and additives on the critical micelle 
concentration and thermodynamics of micelle formation of sodium dodecyl 
benzene sulfonate and dodecyltrimethylammonium bromide in aqueous solution: a 
conductometric study, J. Chem. Thermodyn. 71 (2014) 205–211. 

[41] T. Tichelkamp, Y. Vu, M. Nourani, G. Øye, Interfacial tension between low salinity 
solutions of sulfonate surfactants and crude and model oils, Energy Fuels 28 (4) 
(2014) 2408–2414. 

[42] G.B. Ray, I. Chakraborty, S. Ghosh, S.P. Moulik, Colloid Polym. Sci. 285 (2007) 
457–469. 

[43] S.K. Hait, P.R. Majhi, A. Blume, S.P. Moulik, A critical assessment of micellization 
of sodium dodecyl benzene sulfonate (SDBS) andIts interaction with Poly(vinyl 
pyrrolidone) and hydrophobically modified polymers, JR400 and LM 200, J. Phys. 
Chem. B 107 (2003) 3650–3658. 

[44] A.D. Burman, T. Dey, B. Mukherjee, A.R. Das, Solution properties of the binary and 
ternarycombination of sodium dodecyl benzene sulfonate,polyoxyethylene 
sorbitan monlaurate, andpolyoxyethylene lauryl ether, Langmuir 16 (2000) 
10020–10027. 

M. Dudek et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref2
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref2
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref2
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref3
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref3
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref4
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref4
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref4
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref5
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref5
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref6
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref6
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref6
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref7
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref7
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref7
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref8
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref8
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref8
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref8
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref9
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref9
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref10
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref10
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref10
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref11
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref11
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref11
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref12
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref12
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref12
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref13
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref13
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref14
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref14
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref14
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref15
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref15
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref15
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref15
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref16
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref16
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref16
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref16
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref17
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref17
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref17
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref18
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref18
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref18
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref19
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref19
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref20
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref20
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref21
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref21
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref21
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref22
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref22
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref22
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref23
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref23
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref23
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref24
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref24
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref24
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref25
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref25
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref25
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref26
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref26
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref26
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref27
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref27
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref28
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref28
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref28
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref29
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref29
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref29
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref30
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref30
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref31
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref31
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref31
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref32
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref32
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref33
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref33
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref34
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref34
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref34
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref35
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref35
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref35
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref36
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref36
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref36
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref37
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref37
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref37
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref38
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref38
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref38
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref39
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref39
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref39
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref39
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref40
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref40
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref40
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref41
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref41
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref42
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref42
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref42
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref42
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref43
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref43
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref43
http://refhub.elsevier.com/S0927-7757(23)01091-9/sbref43

	The influence of divalent cations on the dynamic surface tension of sodium dodecylbenzenesulfonate solutions
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Aqueous solutions
	2.3 Density measurements
	2.4 Dynamic surface tension measurements
	2.5 Data analysis
	2.5.1 Equilibrium surface tension analysis
	2.5.2 Dynamic surface tension analysis


	3 Results and discussion
	3.1 Equilibrium surface tensions
	3.2 Dynamic surface tensions

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix A Supporting information
	References


