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Abstract. A detailed theoretical model of micellar kinetics is developed and 
applied to the case of surfactant adsorption at fluid interfaces. The adsorption gives rise 
to diffusion of surfactant monomers and micelles, and to release of monomers by the 
micelles. The numerical solution of the problem reveals the existence of four distinct 
kinetic regimes. At the greatest expansion rates (lowest surface age), the surfactant 
adsorption is affected by the fast micellar process (regime AB). At smaller expansion 
rates, the fast process equilibrates and the adsorption occurs under diffusion control 
(regime BC). With the further decrease of the expansion rate, the surfactant adsorption 
is affected by the slow micellar process (regime CD). Finally, at the lowest expansion 
rates, both the fast and slow micellar processes are equilibrated, and the adsorption 
again occurs under diffusion control (regime DE). For each separate kinetic regime, 
convenient analytical expressions for the dynamic interfacial tension and adsorption are 
derived. At low micelle concentrations, “rudimentary” kinetic diagrams are observed, 
which are characterized by merging or disappearance of the regimes BC and CD. 
Usually, only one of the kinetic regimes is experimentally detected. The developed 
theoretical model enables one to identify which of the four regimes is observed in a 
given experiment, and to interpret properly the obtained data. We applied the model to 
process available and new data obtained by means of various experimental methods for 
dynamic interfacial tension. Very good agreement between theory and experiment is 
achieved. A quantitative criterion is developed, which shows whether a given emulsifier 
is “fast” or “slow”. 
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1. Introduction 

The process of emulsification is accompanied by drop breakage and adsorption of 
surfactant at the newly formed oil-water interface. If the characteristic time of surfactant 
adsorption is shorter than the average drop-drop collision time, then the drop surfaces 
will be covered by protective adsorption monolayers and the collisions will not lead to 
drop coalescence. In the opposite case, the drops will coalesce, and a coarse and/or 
unstable emulsion will be produced. Hence, the kinetics of surfactant adsorption plays a 
crucial role in emulsification. 
 In emulsification, most frequently surfactant concentrations above the critical 
micellization concentration (CMC) are used. In such case, both surfactant monomers 
and micelles take part in the diffusion process (Fig. 1). The micelles release monomers 
and could decompose in order to compensate the monomers adsorbed at the interface. 
The role of the micelles as sources and carriers of monomers leads to a marked 
acceleration of surfactant adsorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The process of surfactant adsorption from micellar solutions. In the 
neighborhood of an expanded adsorption monolayer, the micelles release monomers to 
restore the equilibrium surfactant concentration at the surface and in the bulk. The 
concentration gradients give rise to bulk diffusion of both monomers and micelles. 
 
 The first models of micellar kinetics in spatially uniform solutions have been 
developed by Kresheck et al. (1) and Aniansson and Wall (2). The existence of “fast” 
and “slow” processes of the micellar dynamics has been established. The first 
theoretical model of surfactant adsorption from micellar solutions, proposed by 
Lucassen (3), uses the simplifying assumptions that the micelles are monodisperse, and 
that the micellization happens as a single step, which is described as a reversible 
reaction of order n (the micelle aggregation number). Later, more realistic models, 
which account for the multi-step character of the micellar process, were developed (4-
6). The assumption for a complete local dynamic equilibrium between monomers and 
micelles makes possible to use the equilibrium mass-action law for the micellization 
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reaction (3,7,8). In such a case, the surfactant transfer corresponds to a conventional 
diffusion-limited adsorption characterized by an effective diffusion coefficient, Deff, 
which depends on the micelle diffusivity, concentration and aggregation number (7,8). 
Deff is independent of the rate constants of the fast and slow demicellization processes: 
km and kS. Joos et al. (7,8) confirmed experimentally that in some cases the adsorption 
from micellar solutions could be actually described as a diffusion-limited process 
characterized by an apparent diffusivity, Deff. In other experiments, Joos et al. (9,10) 
established that sometimes the dynamics of adsorption from micellar solutions exhibits 
a completely different kinetic pattern: the interfacial relaxation is exponential, rather 
than inverse-square-root, as it should be for diffusion-limited kinetics. The theoretical 
developments (9-11) revealed that the exponential relaxation is influenced by the 
kinetics of micellization, and from the data analysis one could determine the rate 
constant of the fast process, km. The observation of different kinetic regimes for 
different surfactants and/or experimental methods makes the physical picture rather 
complicated.  

Recently, we proposed a new realistic model of the micellar kinetics (12), and 
applied it to investigate the dynamics of adsorption at quiescent (13) and expanding 
(14,15) interfaces. The theoretical analysis reveals the existence of four different 
consecutive relaxation regimes (stages) for a given micellar solution: two exponential 
regimes and two inverse-square-root regimes, following one after another in alternating 
order. Here, the results of these studies are summarized, the theoretical predictions are 
presented, and the agreement between theory and experiment is illustrated. 

2. The four kinetic regimes of adsorption from micellar solutions 

In Refs. (12,13), we proposed a theoretical model, which generalizes previous 
models of micellization kinetics in several aspects. We avoided the use of the quasi-
equilibrium approximation (local chemical equilibrium between micelles and 
monomers). The theoretical problem was reduced to a system of four nonlinear 
differential equations. In Ref. (13), the theoretical model was applied to the case of 
surfactant adsorption at a quiescent interface, i.e. to the relaxation of surface tension and 
adsorption after a small initial perturbation. Computer modeling of the adsorption 
process, based on the derived full system of equations, was carried out.  

Let us define the perturbations in the basic parameters of the micellar solution: 
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Here, c1,p, Cm,p and mp are, respectively, the perturbations in the monomer 
concentration, c1, micelle concentration, Cm, and in the micelle mean aggregation 
number, m; the respective dimensionless perturbations are ξ1, ξc and ξm; Γp,0 is the 
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perturbation in the surfactant adsorption at the initial moment (t = 0); σeq is the 
halfwidth of the equilibrium micelle size distribution modeled by a Gaussian bell-like 
curve; β and ha are, respectively, the dimensionless bulk micelle concentration and the 
characteristic adsorption length, defined as follows: 

β ≡ (Ctot − CMC)/CMC;              ha = (dΓ/dc1)eq    [2] 

where Ctot is the total surfactant concentration; Γ is the surfactant adsorption. The 
dimensionless fluxes of the fast and slow demicellization processes, denoted by ϕm and 
ϕs, respectively, can be expressed as follows (13): 

mm ξξϕ −= 1          [3] 

mcs wmwm ξσξξσϕ eqeq1eqeq )( +−−=      [4] 

(Some small terms are neglected in Eqs. [3-4].) Here meq is the equilibrium micelle 
aggregation number, and w = (meq – nr)/σeq, where nr is an aggregation number at the 
boundary between the regions of the rare aggregates and the abundant micelles (13).  

 Fig. 2 shows results obtained by solving numerically the general system of 
equations in Ref. (13) for a relatively high micelle concentration, β = 100. The 
calculated curves ξ1,0(τ), ξc,0(τ), and ξm,0(τ) represent the subsurface values (at z = 0, 
Fig. 1) of the perturbations ξ1, ξc and ξm, plotted versus the dimensionless time, τ = 
(D1/ha

2)t, where D1 is the diffusion coefficient of the surfactant monomers. Note that ξ1,0 
expresses not only the perturbation in the subsurface monomer concentration, but also 
the perturbations in the surface tension and adsorption (13):  
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γ(t) and Γ(t) are the dynamic surface tension and adsorption; γ(0) and Γ(0) are their 
initial values, and γeq and Γeq are their final equilibrium values. A typical value, km/kS = 
107, of the ratio of the rate constants of the fast and slow demicellization processes is 
used to calculate the curves in Fig. 2. 

The most important feature of the relaxation curves in Fig. 2, which represents a 
kinetic diagram, is that ξm,0 merges with ξ1,0 at a given point, denoted by B, while ξc,0 
merges with ξ1,0 (and ξm,0) at another point, denoted by D. The time moments, 
corresponding to the points B and D, are denoted by τB and τD, respectively. As seen in 
Fig. 2, for τ > τB, we have ξ1,0 = ξm,0. In view of Eq. [3], this means that for τ > τB the 
flux of the fast micelle relaxation process, ϕm is equal to zero. In other words, for τ > τB 
the monomers and micelles are equilibrated with respect to the fast micellar process. It 
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turns out that for a regular relaxation process τB = σeqha(2km/D1)1/2; see Ref. (13). In 
addition, for τ > τD we have ξc,0 = ξ1,0 = ξm,0, and then Eq. [4] indicates that ϕs = 0, i.e. 
the monomers and micelles are equilibrated with respect to the slow micellar process.  

Dimensionless time, τ
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Fig. 2. Time dependence of the perturbations in the subsurface monomer concentration, 
ξ1,0, micelle concentration, ξc,0, and mean aggregation number, ξm,0, for β = 100. The 
curves are obtained by numerical solution of the general system of equations in (13). 
 
 The computer modeling (13) shows that ξ1,0(τ) exhibits two exponential (kinetic) 
regimes, AB and CD, and two inverse-square-root (diffusion) regimes, BC and DE, see 
Fig. 2. In particular, the point C corresponds to the moment τC = (D1/ha

2)tc ≈ 
(βD1σeq

2)/(kS ha
2 meq

3), where tc is the characteristic time of the slow micellar process; 
see Ref. (12). τC serves also as a characteristic relaxation time of adsorption in the 
kinetic regime CD. The expressions for the other characteristic times, τF, τBC and τDE 
(Fig. 2) are (13): 

τF = (meqD1)/(βkm ha
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Here, DBC and DDE are the effective diffusivities of the micellar solutions in the regimes 
BC and DE, respectively; u = σeq

2/meq and Bm = Dm/D1; Dm is the mean diffusivity of 
the micelles. Typical parameter values are u ≈ 1 and Bm ≈ 0.2. 
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 It should be noted that in addition to the regular kinetic diagrams (Fig. 2), for 
low micelle concentrations (β close to 1) one could observe “rudimentary” kinetic 
diagrams, characterized by merging or disappearance of the stages BC and CD; see 
Refs. (13) and (14). 
 The diffusion regimes BC and DE can be observed not only for adsorption at a 
quiescent interface, but also in the cases of stationary (14) and non-stationary (15) 
expansion of an interface. The expressions for the effective diffusivities, DBC and DDE, 
given by Eqs. [7] and [8], are valid in all these cases. In particular, the experimental data 
by Lucassen (3) correspond to the kinetic regime DE, while the experimental data by 
Joos et al (8) correspond to the kinetic regime BC. 

β = (Ctot − CMC)/CMC
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Fig. 3. Plot of the dimensionless effective diffusivity of the micellar solution, Deff/D, vs. 
β: data obtained in Ref. (15) by means of the maximum bubble pres-sure method. The 
lines are guides to the eye. 
 

 As an illustration, in Fig. 3 we show experimental data for the ionic surfactants 
sodium dodecyl sulfate (SDS) and dodecyl trimethyl ammonium bromide (DTAB) + 
100 mM added inorganic electrolyte. The data are obtained by means of the maximum 
bubble pressure method in Ref. (15). To check whether the kinetic regime is DE, we 
substitute typical parameter values in Eq. [8]: meq = 70, β = 20, and Bm = 0.2, and as a 
result we obtain DDE/D1 = 3.9 x 105, which is much greater than the experimental values 
of Deff/D in Fig. 3. Consequently, the kinetic regime cannot be DE. On the other hand, a 
similar estimate of DBC/D1 from Eq. [7] gives reasonable values. To demonstrate that, 
from the experimental values of Deff/D in Fig. 3, we calculated u by means of Eq. [7], 
substituting Bm = 0.2. For most of the concentrations we obtain values 0.4 < u < 2, 
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which seem reasonable. Values u > 2 are obtained at β < 2, which indicate that at the 
lowest micellar concentrations we are dealing with a rudimentary kinetic regime 
(13,14), rather than with the diffusion regime BC.  

3. The case of stationary interfacial expansion 

Dimensionless rate of surface expansion, θ
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Fig. 4. Total perturbations in monomer concentration, ξ1,T, micelle concentration, ξc,T, 
and mean aggregation number, ξm,T, plotted vs. the dimensionless rate of surface 
expansion, θ, for β = 100. The curves are obtained by numerical solution of the linear 
system in Ref. (14). 

 

This special case of interfacial dynamics is realized with the strip method (8,9) 
and the overflowing cylinder method (16). Because the adsorption process is stationary, 
the time, t, is not a parameter of the state of the system. For this reason, in the kinetic 
diagrams (like Fig. 4) we plot the perturbations versus the dimensionless rate of surface 
expansion, θ = (ha

2/D1)(dA/dt)/A, where A is the interfacial area, and dA/dt = const. is 
the interfacial expansion rate. In Fig. 4, the total perturbations, ξ1,T ξc,T and ξm,T are 
plotted, which represent the local perturbations, ξ1(z), ξc(z) and ξm(z), integrated with 
respect to the normal coordinate z along the whole semi-axis z > 0 (Fig. 1). As seen in 
Fig. 4, one observes the same kinetic regimes, as in Fig. 2, although the diagrams in the 
two figures look like mirror images: the ”young” surface age (the regime AB) 
corresponds to the left side of Fig. 2, but to the right side of Fig. 4. Analytical 
expressions for the adsorption and surface tension relaxation could be found in Ref. 
(14). As mentioned above, the expressions for the effective diffusivities, DBC and DDE, 
given by Eqs. [7] and [8], are valid also in the case of stationary interfacial expansion. 
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In particular, in Ref. (14) we found that the kinetic regime of adsorption from the 
solutions of the nonionic surfactant polyoxyethylene-20 hexadecyl ether (Brij 58), 
measured by means of the strip method (8), corresponds to the regime BC.  

We recall that in the regime BC the rate constants of the fast and slow micellar 
processes, km and kS, do not affect the surfactant adsorption kinetics, and cannot be 
determined from the fit of the data. In principle, it is possible to observe the kinetic 
regime AB (and to determine km) with faster methods or with slower surfactants. A 
criterion about whether the adsorption from a given micellar solution is fast or slow is 
provided by the characteristic time of adsorption after a large initial perturbation, ta, 
taken at the CMC: 

ta = (ΓCMC/CMC)2/D1        [9] 

Because the adsorption at CMC, ΓCMC, and the monomer diffusivity, D1, have the same 
order of magnitude for various surfactants, it turns out that ta is governed by the value of 
CMC. In other words, for the same β, the adsorption from the micellar solutions is faster 
(ta is smaller) for surfactants with higher CMC; see Table 1. 

Table 1. Classification of Micellar Surfactant Solutions by Adsorption Time, ta 

Surfac-
tant 

Brij 58 CAPB* C12EO8 Triton 
X-100 

SDS + 0.1 
M NaCl 

DTAB+0.1 
M NaBr 

AOT 

ta (s) 602 6.2 4.0 0.34 0.0162 0.0012 0.0009 

*CAPB = Cocoamidopropyl betaine 

 

4. Conclusions 

Four distinct kinetic regimes of adsorption from micellar solutions exist, called 
AB, BC, CD, and DE; see Figs. 2 and 4. In regime AB, the fast micellar process 
governs the adsorption kinetics. In regime BC, the adsorption occurs under diffusion 
control, because the fast micellar process is equilibrated, while the slow process is 
negligible. In regime CD, the slow micellar process governs the adsorption kinetics. In 
regime DE, the adsorption occurs under diffusion control, because both the fast and 
slow micellar processes are equilibrated. Note that only the regimes BC and DE 
correspond to purely diffusion processes. For the regimes AB and CD, the rate constants 
of the fast and slow micellar processes, km and kS, respectively, affect the surfactant 
adsorption kinetics, and could be in principle determined from the fit of experimental 
data. For the specific experimental examples considered here, the adsorption kinetics 
corresponds to the diffusion regime BC. 
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