
 1

Published as Chapter 15 in the book 
Molecular Interfacial Phenomena of Polymers and Biopolymers (Pu Chen, Editor) 
Woodhead Publishing, Cambridge, UK, 2005; pp. 538-579. 
 
 

Triblock Copolymers as Promoters of Solubilization of Oils in 
Aqueous Surfactant Solutions 

Peter A. Kralchevsky and Nikolai D. Denkov 
Laboratory of Chemical Physics & Engineering, Faculty of Chemistry, University of Sofia, Bulgaria 

 

1. Introduction 

 The term ‘solubilization’ was introduced by McBain1 to denote the increased 
solubility of a given compound, associated with the presence of surfactant micelles or 
inverted micelles in the solution. The most popular solubilization process is the transfer of oil 
molecules into the core of surfactant micelles. Thus, oil that has no solubility (or limited 
solubility) in the aqueous phase becomes water-soluble in the form of solubilizate inside the 
micelles. This process has a central importance for washing of oily deposits from solid 
surfaces and porous media, and for removal of oily contaminants dispersed in water. The 
great practical importance of solubilization is related to its application in the everyday life: in 
the personal care and household detergency, as well as in various industrial processes.2  

The main actors in the solubilization process are the micelles of surfactant and/or 
copolymer. Their ability to uptake oil is of crucial importance.2,3 The addition of copolymers, 
which form mixed micelles with the surfactants,4 is a way to control and improve the micelle 
solubilization performance. Two main kinetic mechanisms of solubilization have been 
established, whose effectuation depends on the specific system: 

 Solubilization as a bulk reaction: Molecular dissolution and diffusion of oil into the 
aqueous phase takes place, with a subsequent uptake of oil molecules by surfactant 

micelles.5−9 This mechanism is operative for oils (like benzene, hexane, etc.), which exhibit a 

sufficiently high solubility in pure water. Theoretical models have been developed and 
verified against the experiment.6,8,9 Figure 1 illustrates the occurrence of the bulk 
solubilization. First, oil molecules are dissolved from the surface of an oil drop into water. 
Kinetically, this process can be characterized by a mass transfer coefficient. Next, by 
molecular diffusion, the oil molecules penetrate in the water phase, where they react with the 
micelles. Thus, the concentration of free oil molecules diminishes with the distance from the 
oil-water interface. In other words, the solubilization takes place in a restricted zone around 
the droplet, as shown schematically in Fig. 1.  
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Figure 1. Solubilization as a bulk reaction: Sketch of an oil drop of radius R in a micellar 
surfactant solution. Oil molecules are dissolved from the surface of the drop into water. 
Molecular diffusion of oil into the water takes place, with a subsequent uptake of oil 
molecules by surfactant micelles. The solubilization occurs mostly in a narrow zone (shown 
shadowed) around the drop.8 
 

 Solubilization as a surface reaction. This is the major solubilization mechanism for 

oils that are practically insoluble in water.5,7,10-18 The uptake of such oils cannot happen in the 

bulk of the aqueous phase. The solubilization can be realized only at the oil-water interface. 

The mechanism may include (i) micelle adsorption, (ii) uptake of oil, and (iii) desorption of 

the swollen micelles,16-18 see Fig. 2. Correspondingly, the theoretical description of the 

process involves the rate constants of the three consecutive steps. If the empty micelles are 

long rodlike aggregates, upon solubilization they usually break to smaller spherical 

aggregates.16,19 For some systems (mostly solid solubilizates), the intermediate stages in the 

solubilization process may involve penetration of surfactant solution into the oily phase and 

formation of a liquid crystalline phase at the interface.20-24 

 In the case of solubilization as surface reaction, the detailed kinetic mechanism could 

be multiform. Some authors5,11 expect that the surfactant arrives at the interface in a 

monomeric form. Then, at the phase boundary mixed (or swollen) micellar aggregates are 

formed, which eventually desorb. This version of the model seems appropriate for solid 

solubilizates, because hemimicelles can be formed at their surfaces, even at surfactant 

concentrations below the bulk critical micellization concentration (cmc).25 Another concept, 

presented by Plucinski and Nitsch,13 includes a step of partial fusion of the micelles with the 
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oil-water interface, followed by a step of separation. Such mechanism could take place in the 

case when microemulsion drops, rather than micelles, are responsible for the occurrence of 

solubilization. 

 

 

 

 

 

 

Figure 2. Solubilization as a surface reaction: The process can be modeled as a sequence of 
three steps: (a) adsorption of an empty micelle at the oil-water interface; (b) uptake of oil 
accomplished as a surface reaction: the empty micelle takes oil and splits into several swollen 
micelles; (c) desorption of the swollen micelles. The molecule with three tails (the 
solubilizate) represents schematically triglyceride.17 
 

 Experiments with various surfactant systems14,18,26 showed that the solubilization rates 

for solutions of ionic surfactants are generally much lower than those for nonionic surfactants. 

This can be attributed to the electrostatic repulsion between the micelles and the similarly 

charged surfactant adsorption monolayer at the oil-water interface. On the other hand, 

copolymers have been found to form micelles, which solubilize well various hydrophobic 

compounds, even in the absence of low-molecular-weight surfactants.27-35 Moreover, as 

shown in Refs. 16-18, appropriately chosen copolymers can act as very efficient promoters of 

the solubilization. 

 We have several aims in this chapter: First, to present models of the solubilization 

kinetics, which have been verified for surfactant/polymer systems. Second, to discuss the 

specific role of the copolymers as promoters of oil solubilization in the surfactant systems. 

Third, to demonstrate that the understanding of the detailed mechanism of solubilization may 

suggest productive ways for knowledge-based optimisation of the surfactant/polymer 

mixtures, with respect to the solubilization kinetics.    

This chapter is organized as follows. In section 2 we present briefly the experimental 

methods to study solubilization. Section 3 is devoted to the kinetic mechanisms of 

solubilization. In section 4 we consider mixed micelles of nonionic surfactants and triblock 

copolymers, and the change in their size and shape upon solubilization. Next, in section 5 we 

(a) Micelle adsorption         (b) Uptake of oil              (c) Desorption 
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review data for the solubilization of triglycerides by mixed micelles of nonionic surfactants 

and copolymers. Finally, in section 6 we discuss the use of ionic surfactants, in mixture with 

copolymers and electrolytes, for solubilization of water-insoluble oils.  

 

2. Experimental methods to study solubilization kinetics 

 2.1. Solubilization in emulsions 

The kinetics of solubilization can be investigated in experiments with emulsions, 

which are subjected to agitation.36-39 In this case, one way to detect the solubilization is to 

measure the emulsion turbidity. The solubilization rate can be characterized with the time 

necessary for the turbidity to level off.36 More detailed kinetic information can be obtained if 

the time dependencies of the drop size and concentration are monitored by dynamic and static 

light scattering.38,39 Another method to study solubilization kinetics with emulsions is to take 

samples from the shaken emulsion at selected times, and to subject these samples to phase 

separation using a centrifuge: the kinetics of solubilization can be characterized by the 

decrease of the volume of separated oily phase after the sample centrifugation.37 

It should be noted that the interpretation of the experimental results on solubilization 

kinetics, obtained with batch emulsions, might face difficulties when there is flocculation, 

coalescence or Ostwald ripening in the system.  

 

2.2. Solubilization with individual drops 

The experiments on solubilization kinetics can be performed with single oil drops. This 

approach allows one to carry out precise measurements of the solubilization rate, as a function 

of various factors, such as oil type; drop size; temperature; type and concentration of 

surfactants, polymers, electrolytes, etc. 

Carroll5,40 developed a ‘drop-on-fibre technique’, which is based on measuring the time-

dependence of the key dimensions of a drop, attached to a fibre, and having a constant non-

zero contact angle. Ward26 presented a comprehensive review of the results, obtained by this 

method. 

An alternative technique, also dealing with single drops, was developed and applied by 

Miller and co-authors.14,15,24 This is the so-called ‘basic-oil-drop contacting procedure’, in 

which a thin needle is used to inject small oil drops, typically 50-100 µm in diameter, into a 



 5

narrow rectangular glass capillary cell (of 400 µm inner width), which is pre-filled with the 

studied aqueous surfactant solution. The diminishing of each drop, as a result of the oil 

solubilization, is monitored by video-microscopy. 

Similar experimental technique was used in our studies.8,18 Briefly, the surfactant solution 

was loaded in a circular glass capillary of inner diameter 585 µm and length 50 mm (see 

Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Setup for studying the kinetics of solubilization of single oil drops. The drops are 
placed in thermostated glass capillaries. The diminishing of drop radius with time, due to oil 
solubilization in the surfactant micelles, is monitored by optical microscopy.18 

 

Next, an oil drop was injected in the capillary by means of a micro-syringe, with a custom-

made, fine glass needle of outer diameter 45 µm. The initial drop radius was typically R ≤ 50 

µm. During the experiment, the capillary was held immobile in a horizontal channel, inside a 

thermostated metal block. The two ends of the capillary were plugged to prevent solution 

evaporation during the experiment. A metal block with 8 parallel channels was used, which 

allowed us to simultaneously perform experiments with 8 capillaries. Above each capillary, 

there was an opening, covered with a glass plate, which enabled us to observe microscopically 

the diminishing of each oil drop, due to solubilization. Optical microscope, equipped with 

long-focus objectives, was used. 
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 The relatively small inner diameter of the capillary, and its horizontal position, are 

important for preventing the gravity-driven, free thermal convections in the surfactant 

solution.41 If such convections are missing, the results are more reproducible and can be 

quantitatively interpreted by theoretical models, based on diffusion (or barrier-diffusion) 

transport of surfactant micelles and oil molecules. The latter advantage is very important, if 

one wants to reveal the actual mechanism of oil solubilization, by comparing the results from 

the kinetic experiments with the predictions of theoretical models. 

To check whether thermal convections are present or absent, one can use a criterion 

based on the Rayleigh number:42 

Ra ≡ gβpΘ h3/(νχ)        [1] 

Here h is the height of the liquid in the vessel, g is the acceleration due to gravity, βp= 2.27 × 

10−4 K−1 is the coefficient of thermal expansion of water, ν ≈ 8.2 × 10−3 cm2/s is the kinematic 

viscosity of water, χ ≈ 1.44 × 10−3 cm2/s is the thermal diffusivity of water, Θ ≈ 0.1 K is the 

characteristic temperature difference in the container in our experiments.8,18 For Ra ≤ 1 the 

free thermal convections are suppressed, whereas for Ra > 1 one could expect the appearance 

of such convections. For sub-millimetre in diameter capillaries, like those used by us, one 

estimates Ra < 1. Hence, the free thermal convections are suppressed, and the solubilization 

occurs under diffusion transport of the dissolved species. The latter allows us to interpret 

quantitatively the obtained data, see sections 3.1 and 5 below.  

 As an illustration of the fact that the thermal convections are negligible in the used 

capillary cell, in Fig. 4 we plot the experimental result for the diminishing of a benzene drop, 

injected in a surfactant solution at a concentration below the cmc (no micellar solubilization).8  

Such a drop diminishes only due to the molecular dissolution of benzene into water. As 

shown theoretically in Ref 8, if convection is missing, the time dependence of the drop radius, 

R(t), is described by the equation (see Eq [14] below): 

R(t) = [1.8 β0 (t0 − t)]1/2        [2] 

Here t0 is the moment of drop disappearance, R(t0) = 0; β0 = voil Doil ceq = 1.654 × 10−8 cm2/s is 

a known material parameter (voil is the volume of an oil molecule, Doil is its diffusivity in 

water; ceq is the equilibrium concentration of dissolved oil in water). As seen in Fig. 4, the 

experimental data agrees excellently with Eq. [2]; there are no adjustable parameters. This is a 

proof for the absence of free thermal convections in our capillary set-up (Fig. 3).8  
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Figure 4. Plot of the radius, R, vs. time, t, for a benzene drop in water at 27°C (the method 
from Fig. 3 is used). The water contains 0.007 M sodium dodecyl sulfate (SDS), below the 
CMC, to stabilize the drop against attachment to the glass wall. The solid line is fit drawn by 
means of Eq [2]; no adjustable parameters.8 
 

 In some of our solubilization experiments, we used the experimental cell depicted in 

Fig. 5, which is much easier for manipulation. Surfactant solution (without oil drops) is placed 

in a thermostated glass container of dimensions 2 × 2 × 1.5 cm (see Fig. 5). 

 

 

 

 

 

 

 

 

Figure 5. Set-up for investigating the rate of solubilization of single oil drop situated below 
glass/water interface by using optical microscopy. Due to the large size of the container with 
surfactant solution, it is impossible to avoid the appearance of free thermal convections in the 
system.18 
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In parallel, the oil drops are prepared in the form of diluted emulsion in the studied surfactant 

solution. By using a pipette, small portion of the emulsion is added to the micellar solution in 

the container, and the latter is covered by a glass plate. In this way, a number of oil drops are 

introduced in the cell. They emerge below the glass plate, due to the buoyancy force. The 

drop radius is typically around and below 30 µm. Due to solubilization, the drop size 

diminishes with time. 

To illustrate the difference between the two used experimental cells, in Fig. 6 we 

present data for the solubilization rate of soybean-oil drops, as a function of the concentration 

of the triblock copolymer Synperonic L61, E2.5-P34-E2.5, Mw ≈ 2100; briefly, SL61. Here and 

hereafter ‘E’ stands for ethylene oxide group, and ‘P’ – for propylene oxide group. In Fig. 6 

we characterize the solubilization rate by the slope of the curve dR/dt, which shows how 

rapidly the drop radius decreases with time. All drops have initial radius R0 ≈ 35 ± 5 µm. As 

seen in Fig. 6, the data obtained with both cells indicate an increase of the solubilization rate 

with the concentration of the added SL61. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Comparison between the two experimental cells: Rate of solubilization of soybean 
oil as a function of the concentration of the triblock copolymer Synperonic L61. All solutions 
contain 12 mM C12E6 and 0.2 M Na2SO4. The temperature is 27 °C.18 
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However, the rates measured in the large cell are systematically greater than those obtained 

with the capillary cell. This difference can be attributed to the thermal convections in the large 

cell. The convections accelerate the transport of micelles, in comparison with the diffusion. 

However, such convections are engendered by small random temperature gradients, which are 

very difficult to control experimentally or to predict theoretically. 

The estimates based on Eq [1] show that even with a fine control of the temperature, Θ 

≈ 0.1 K, the Rayleigh number is Ra ≈ 104 >> 1 for h = 1.5 cm, which means that it is virtually 

impossible to suppress the free convection by thermostating a centimetre-sized vessel. 

Because Ra ∝ h3, one could efficiently suppress the free convections by decreasing the height 

of the vessel, h, say, by using a capillary cell, like that in Fig. 3.  

 In conclusion, the capillary cell (Fig. 3) enables one to obtain experimental data on the 

kinetics of solubilization, which are liable to quantitative theoretical interpretation. The larger 

cell (Fig. 5) is much easier to operate and can be used for comparison of the relative rates of 

solubilization in various solutions. However, the results obtained with the latter cell are 

affected by uncontrollable thermal convection and they are not liable to quantitative 

interpretation.  

 

3. Kinetic mechanisms of solubilization 

3.1. The solubilization as a bulk reaction 

As mentioned above, this kinetic regime of solubilization could be observed with oils that 

exhibit some solubility in pure water. Let us consider the process in Fig. 1. Each micelle is 

assumed to be capable to take up to M molecules of oil (in general, M > 1).  If the 

solubilization occurs in a stationary regime, the concentration of dissolved oil, coil, obeys the 

equation6,8 

Doil∇2coil = k+ ca coil        [3] 

where Doil is the diffusivity of oil molecules dissolved in water, ca is the number concentration 

of active micelles, and k+ is the rate constant of solubilization. Following Kabalnov and 

Weers6, in Eq [3] we have approximately assumed that k+ is the same for all active micelles 

(irrespective of whether or not they have already taken some oil molecules). (The active 

micelles are all micelles that are able to solubilize oil, i.e. all micelles except the entirely full 
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ones.) Further, for spherical symmetry (spherical drop of radius R, Fig. 1), Eq [3] can be 

represented in the form6,8 

oil
2oil2

2
1 c

dr
dcr

dr
d

r
κ=⎟

⎠
⎞

⎜
⎝
⎛ ,       [4] 

κ2 ≡ k+ ca /Doil         [5] 

In Eq [4], r is the radial coordinate; r = R at the drop surface. If the micelle diffusion is 

sufficiently fast (in comparison with the process of solubilization), then one can expect that 

the active micelles leave the neighbourhood of the oil drop before becoming full micelles. In 

such case, the concentration of full micelles is (approximately) zero, and consequently, ca = 

ctot = const., where ctot is the total micelle concentration. Then Eq [5] acquires the form 

κ2 = k+ ctot /Doil  = const.       [6] 

The boundary conditions for Eq. [4] are8 

eqoil
oil

0
)(1 cRc

r
c

Rr
−=

∂
∂

=α
,   coil ∞→r = 0   [7] 

where ceq is the equilibrium solubility of the oil in water, and α0 is a mass-transfer coefficient. 

The first Eq [7] states that the dissolution flux of oil into water is proportional to the 

difference between the subsurface local concentration of oil and the equilibrium (saturation) 

concentration of oil in water. For a large mass-transfer coefficient, α0 >> 1, the left-hand side 

of the first Eq [7] vanishes and it reduces to coil(R) = ceq = const. The solution of Eq [4], along 

with Eqs [6] and [7], reads 

coil(r) = 
r

rR
R

Rc )](exp[
/)(1 0

1
eq −

++ −

κ
ακ

     [8] 

Equation [8] shows that the quantity κ−1 determines the width of the "active zone" around the 

drop surface, where the solubilization takes place (see Fig. 1). With the help of Eq [8], one 

determines that the number of oil molecules dissolved in water per unit area of the drop 

surface, and per unit time, is: 

Qoil = eqoil
0

1

1
oil

oil /)(1
cD

R
R

r
c

D
Rr ακ

κ
−

−

= ++
+

=
∂

∂
−     [9] 

The decrease of the volume of the oil drop, V, with the time, t, is proportional to the flux of oil 

molecules across the whole drop surface, 4πR2Qoil: 
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λπ )4(v 2
oil R

dt
dV

=− Qoil       [10] 

Here voil is the volume per molecule in the oil phase and λ is a geometrical correction factor, 

which accounts for the fact that in our experiments the oil drop is located below the glass 

surface (the surface of the capillary, see Fig. 3), rather than in the bulk of the aqueous phase. 

The following expression for λ was derived in Ref 8: 

λ = 2

2

)(1.225.51
)(1.2725.49.0

RR
RR

κκ
κκ

++
++       [11] 

Note that for 0 ≤ κR < ∞, we have 0.9 ≤ λ ≤ 1, so in a first approximation one can work with 

λ ≈ 0.95 = const. Substituting Eq [9] and V = 3
4 πR3 in Eq [10], we obtain a differential 

equation for R(t):8 

−=
dt
dR

R
R

)(1
)1(

0

00

κα
λβακ

++
+

       [12] 

where β0 is a parameter, which is determined by the properties of the oil: 

β0 = voil Doil ceq         [13] 

By integration of Eq [12], one can obtain the theoretical dependence R(t). Let us now consider 

some important special cases. 

 Molecular dissolution of oil (no solubilization). In this case, k+ = 0, κ = 0, and then Eq 

[11] yields λ = 0.9. Furthermore, let us assume that the dissolution of oil at the drop surface is 

fast, i.e. α0R >> 1. Then, Eq [12] reduces to: 

−=
dt
dR 0.9

R
0β

        [14] 

The integration of Eq [14] yields Eq [2], i.e. a square-root time-dependence, which has been 

found to agree excellently with experimental data for benzene drops, without using any 

adjustable parameters; see Fig. 4.  

 Narrow solubilization zone around the oil drop (κR >> 1). In this limiting case, 

Eq [11] yields λ = 1 and Eq. [12] reduces to 

≈−
dt
dR

κα
κβα

+0

00  ≡ u  (κR >> 1)     [15] 
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where the constant parameter u has the meaning of solubilization rate. Integrating Eq [15] 

with a boundary condition R(0) = R0, we get a linear time dependence: 

R(t) ≈ R0 − u t   (κR >> 1)     [16] 

Such linear dependence was observed in experiments on solubilization of individual decane 

drops in sodium dodecyl sulfate (SDS) solutions, see Fig. 7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Plot of the radius, R, vs. time, t, for n-decane drops in micellar SDS solutions at 27 
°C (SDS concentrations denoted in the figure). Each line corresponds to a separate 
diminishing drop; the linear regressions are drawn in accordance with Eq. [16].8 
 

The slopes of the experimental lines give the solubilization rate, u, as a function of the 

surfactant concentration, cs. In general, u increases with the rise of cs. The latter dependence 

can be described with the help of Eqs [6] and [15]:8 

2/1
s

2/1
s

s )cmc(
)cmc(

)(
−+

−
=

cb
ca

cu ,       [17] 

where the constant parameters are: 

a = α0β0,    b = (Doil nm α0
2/ k+)1/2   [18] 

nm is the mean aggregation number of the micelles; the total number concentration of the 

micelles is ctot = (cs − cmc)/nm. Equation [17] was found to describe well the experimental 
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dependence u(cs).8 From the fit of the data, the following parameter values were determined 

for the system SDS/decane: mass-transfer coefficient α0 = 30 ± 6 (µm−1) and solubilization 

rate constant (uptake of oil by the micelles) k+ = (1.0 ± 0.3) × 10−13 (cm3/s). Note that if the 

solubilization were purely diffusion limited, then k+ would be much greater: k+ = 4πDoil rm ≈ 

2.4 × 10−11 cm3/s, where rm ≈ 2.4 nm is the radius of the SDS micelles.43. Hence, we may 

conclude that the elementary act of solubilization in the system SDS/decane happens under 

barrier control. One possible explanation of this barrier is that the oil molecules in water are 

‘wrapped’ by a shell of structured water molecules. (Such shell is believed to be responsible 

for the hydrophobic surface force.44,45) Thus, the barrier could be related to the destruction of 

this shell before the engulfment of an oil molecule by the micelle. See Ref 8 for details. 

 Fast dissolution of oil (α0→∞). As already mentioned, in such a limiting case the 

subsurface concentration of oil becomes equal to the respective equilibrium (saturation) 

concentration, coil(R) = ceq = const. In the same limit, α0 → ∞, Eq. [12] reduces to 

−=
dt
dR )1(0 R

R
κ

λβ
+         [19] 

The integration of Eq [19] for λ ≈ const., along with the boundary condition R(0) = R0, yields: 

R(t) = R0 + ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

1
1ln1

0R
R

κ
κ

κ
 − κλβ0 t      [20] 

For fits of experimental data, it is convenient to use the inverted dependence: 

t(R)= [R0 + ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

1
1ln1

0R
R

κ
κ

κ
 − R]/(κλβ0)     [21] 

For the solubilization of benzene in SDS micellar solutions, the best fits are shown in Fig. 8. 

They are obtained by means of the least squares method, treating κ and R0 as two adjustable 

parameters. A very good agreement between the theoretical model and the experimental data 

was obtained.  

 Note that Eqs [19]–[21] are derived using the assumption that the concentration of the 

full micelles is negligible. However, in the case of fast oil dissolution (α0→∞), it may happen 

that a considerable fraction of the micelles become full. This will lead to a deceleration of the 

solubilization in comparison with the predictions of the above model. In such case, to 

interpret the experimental data, one could apply the detailed theory developed by Sailaja et 

al.,9 which is based on population balance equations for the micelles.  
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Figure 8. Plot of the radius, R, vs. time, t, for benzene drops in 0.25 M micellar solution of 
SDS at 27°C; set-up from Fig. 3. Each curve corresponds to a separate diminishing drop; the 
theoretical fits are drawn with the help of Eq [21].8 
 

 

3.2. The solubilization as a surface reaction 

 Basic assumptions and equations. This is the only solubilization mechanism for oils 

(like the triglycerides), which have negligible solubility in pure water. The experiments17,18 

indicate that the elementary act of solubilization includes the following three consecutive 

steps (Figure 2):  

(a) Adsorption of an empty micelle at the oil-water interface; 

(b) Uptake of oil, accomplished by the surface reaction: 

{empty micelle} + {oil molecules} = m{swollen micelles}   [22] 

(c) Desorption of the swollen micelles. 

 Equation [22] takes into account the experimental fact that the long cylindrical empty 

micelles split into m smaller aggregates (cylindrical or spherical) in the course of 

solubilization. Note that the micelles (empty and swollen) are not monodisperse in size, so 

that m is an average value. In particular, m varies from 1.8 to 5.4 for the mixed surfactant-

polymer micelles investigated in Ref 16. 

In the framework of the Langmuir adsorption model, we have: 
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θ0 + 121 =
Γ
Γ

+
Γ
Γ

∞∞

m         [23] 

Here and hereafter, the index 1 denotes empty micelles, and index 2 – swollen micelles; Γ1 

and Γ2 are the respective adsorptions of micelles at the oil-water interface (number of micelles 

per unit area); θ0 is the area fraction of the empty adsorption sites; Γ2/Γ∞ and mΓ1/Γ∞ are, 

respectively, the area fractions occupied by swollen and empty micelles. In Eq [23], we have 

taken into account that an empty micelle occupies an area that is m-times greater than the 

respective area per swollen micelle; Γ∞
−1 is the area per adsorption site. The net adsorption 

fluxes of empty and swollen micelles (number of micelles adsorbing per unit area and per unit 

time) are46 

Q1 = k1,a c1s
m
0θ  − k1,d Γ1       [24] 

Q2 = k2,a c2sθ0 − k2,d Γ2        [25] 

Here ki,a and ki,d are the kinetic constants of adsorption and desorption of empty (i = 1) and 

swollen (i = 2) micelles; cis ≡ ci(r=R), i = 1,2, are the “subsurface” concentrations of the empty 

and swollen micelles. The function ci(r), r ≥ R, denotes the radial dependence of the 

concentration of the respective diffusing micelles around a spherical oil drop of radius R; the 

coordinate origin, r = 0, is fixed at the drop centre. In general, c1s and c2s differ from the 

respective bulk micelle concentrations, c10 and c20, due to the diffusion and the surface 

reaction (solubilization), see Eq [29]. The surface mass balances of empty and swollen 

micelles can be expressed in the form 

11s
1 Qk

dt
d

+Γ−=
Γ ,  21s

2 Qmk
dt

d
+Γ=

Γ     [26] 

where ks is the rate constant of solubilization, i.e. of the surface reaction described by Eq [22]. 

Equation [26] presumes that the solubilization is an irreversible process. In a stationary 

regime, (dΓi
 / dt = 0) Eq [26] yields: 

Q1 = ks Γ1 ,  Q2 = −mks Γ1 ,  hence  Q2 = −m Q1  [27] 

Next, let us consider a spherical oil drop of radius R. In a stationary regime, the concentration 

distribution of the empty and swollen micelles around the drop is described by the equation 

rD
RQ

crc
i

i
ii

2

0)( −=     (i = 1, 2)   [28] 
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where Di is the micelle diffusion coefficient. Equation [28] is the solution of the stationary 

diffusion equation 02 =⎟
⎠

⎞
⎜
⎝

⎛
dr
dc

r
dr
d i , satisfying the boundary conditions ci(r→∞) = ci0 and 

Di
 (∂ci/∂r)r=R = Qi. From Eq [28] it follows that the subsurface concentrations of the empty 

and swollen micelles are 

i
i

iRrii Q
D
Rccc −== = 0s    (i = 1, 2)   [29] 

Equations [23]–[26] and [29] form a system of 7 equations for determining the 7 unknown 

variables: Q1, Q2, Γ1, Γ2, c1s, c2s and θ0. In particular, this system of equations determines the 

dependence Q1 = Q1(R).  

The decrease of the oil-drop volume, V, with time, t, during solubilization is due to the 

flux of full micelles, each of them carrying away a certain volume of oil, v1. Thus, the balance 

of oil becomes: 

)4(v 2
1 R

dt
dV πλ=− (−Q2)       [30] 

As before, λ is a geometrical correction factor, which accounts for the fact that in our 

experiments the oil drop is situated in the vicinity of a glass surface (see Fig. 3), rather than in 

the bulk of the aqueous phase. In Ref 17, we have shown that one can set λ = 0.9. Substituting 

Q2 = −m Q1 and V = 3
4 πR3 in Eq [30], we obtain a differential equation for R(t): 

dt
dR  = −λ m v1 Q1(R)        [31] 

In principle, Eq [31], with Q1(R) determined from Eqs [23]–[26] and [29], enables one to 

interpret theoretically the experimental dependence R(t). Below we consider the simpler (but 

physically important) case of solubilization in Henry regime (low micelle adsorption), in 

which the set of equations can be linearized and the expression for R(t) can be obtained in a 

convenient explicit form.  

Solubilization of triglycerides in Henry regime. The experiment shows that for the 

systems investigated in Refs 16–18 (C12En + SL61), the rate of solubilization grows almost 

linearly with the increase of the micelle concentration. In the studied concentration range, the 

experimental curves do not exhibit a tendency for saturation (levelling off) at the higher 

surfactant concentrations. This indicates the occurrence of micelle adsorption in Henry 
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regime. In other words, the occupancy of the oil-water interface with adsorbed micelles is 

relatively low. Hence, in view of Eq [23], we obtain  

∞∞ Γ
Γ

+
Γ
Γ 21m  << 1,   i.e.  θ0 ≈ 1    [32] 

Setting θ0 ≈ 1 in Eqs [24]–[25] and using Eq [27], we obtain a set of two linear equations for 

Γ1 and Γ2 , whose solution reads: 

Γ1 = sc
kk

k
1

d1,s

a1,

+
,  Γ2 = ss c

kk
kkm

c
k
k

1
d1,s

a1,s
2

d2,

a2,

+
+ ,   [33] 

Next, combining Eqs [27] and [33], we obtain an expression for the stationary adsorption flux 

of empty micelles: 

Q1 = ks Γ1 = χ c1s ,  χ ≡ 
d1,s

a1,s

kk
kk

+
     [34] 

χ has the meaning of a compound rate-constant of solubilization. Furthermore, eliminating c1s 

between Eqs [29] and [34] we get the explicit dependence Q1(R): 

1

10
1 /1 DR

cQ
χ
χ

+
=         [35] 

Finally, we substitute Eq [35] into Eq [31], and bring the result in the form17 

Rdt
dR

)/(1 αβ
α

+
−=         [36] 

where  

α = λ m v1χ c10 ,        [37] 

β = λ m v1χ2c10 /D1 = 
1101

2

v Dcmλ
α       [38] 

The integration of Eq [36] yields: 

R(t) = 
β
α {[1 + 2β(t0 − t)]1/2 − 1}  (t ≤ t0)    [39] 

In Eq [39] we have determined the integration constant from the boundary condition 

R(t0) = 0, where t0 is the moment of disappearance of the diminishing oil drop in the actual 

experiment. The square-root time-dependence, R(t), in Eq [39] resembles the law of 
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diminishing of a liquid drop upon molecular dissolution into another liquid (say benzene in 

water), Eq [2], although the functional form and the parameter meaning are somewhat 

different.  

By fitting the experimental data for R(t) with the help of Eq [39] one can determine 

the parameters α and β. Next, from the values of α and β one can calculate the average 

number of oil molecules solubilized in a swollen micelle, ns, and the kinetic parameter χ:  

β
α

λ

2

o110o

1
s v

1
v
v

Dmc
n =≡  ,  1D

α
βχ =    [40] 

where vo denotes the volume of an oil molecule. Note that c10 = (cs − cmc)/Nsurfact, where cs is 

the total surfactant concentration and Nsurfact is the number of surfactant molecules per empty 

micelle, see the next section. As shown in Fig. 9, Eq 39 provides excellent fits of 

solubilization data for triolein drops in mixed solutions of the triblock copolymer SL61 and 

the nonionic surfactant C12E6. Here and hereafter, C12 denotes dodecyl group and, as usual, 

‘E’ denotes ethylene oxide group. The values of χ, determined from the fits, indicate that the 

copolymer SL61 acts as a promoter of solubilization, see Section 5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Plots of the radius, R, of triolein drops vs. time, t (1 ks = 1000 s): results from 
solubilization experiments in the capillary cell (Fig. 3) at temperature 27°C and various 
concentrations of SL61 denoted in the figure. The micellar solutions contain 12 mM C12E6 + 
0.2 M Na2SO4 + SL61; the lines are best fits by means of Eq [39].18 
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4. Micelle transformations upon solubilization 

4.1. Physicochemical background 

In a series of experiments16,18 on triglyceride solubilization, we studied the 

solubilization of triolein (as a representative of the triglycerides) by nonionic surfactants 

C12En (n = 5 or 6) and nonionic triblock copolymer SL61 (E2.5P34E2.5). (Similar solubilization 

performance has Synperonic L81, E3-P44-E3, Mw ≈ 2750.) The nonionic surfactants, C12En 

(n = 5 or 6), were chosen because they solubilize triglycerides, at a detectable rate, even at 

room temperature. To reduce the cloud point of C12E6 and to accelerate the solubilization 

process, we added 0.2 M Na2SO4 to the solutions of this surfactant.  

We applied light scattering and NMR techniques to determine how the micelle 

properties (such as aggregation number, size, shape, diffusion coefficient, number 

concentration, as well as the number of solubilized oil molecules per one micelle) varied in 

the course of solubilization.16 The obtained data were used17,18 for development and testing 

the respective theoretical model (Section 3.2). In addition, the micellar transformations during 

solubilization are a subject of independent interest.47-60 

It was established by several research groups that different oils affect in different ways 

the surfactant micelles. The aliphatic hydrocarbons were found48,52,53,56 to increase the micelle 

radius when the initial, empty micelles had spherical shape. However, when the initial empty 

micelles were relatively large and non-spherical (e.g., rods or worm-like aggregates) the 

solubilization of alkanes often led to a rod-to-sphere transition, accompanied with a 

significant decrease of the micellar size and aggregation number.49,55 All these observations 

were explained by the predominant incorporation of alkanes inside the hydrophobic core of 

the micelles. 

In contrast, amphiphilic substances, such as alkanols and amines, are solubilized with 

their polar groups being preferentially located at the water-hydrocarbon boundary of the 

micelle, in the so-called ‘palisade layer’.47,49-51,56,61,62 These substances reduce the surface 

charge density of the micelles, and thereby promote the formation of aggregates with shape 

corresponding to lower mean curvature (rods, disks). Similar effects were observed when 

aromatic hydrocarbons were solubilized by cationic micelles. 54,57-60 This was explained by a 

specific interaction between the positively charged head-groups of the surfactant and the 

highly polarizable π-electrons of the aromatic ring. This specific interaction leads to a 



 20

preferential location of the aromatic hydrocarbons at the surface of the cationic micelles, at 

least for not-too-high loading of the micelles with solubilizate. 

  The triglyceride molecules have three long hydrocarbon tails connected to a polar 

group. This molecular structure does not allow one to predict in advance what would be the 

effect of triglycerides on the micelle size and shape. The voluminous hydrocarbon tails render 

the triglyceride properties similar to those of the aliphatic substances, whereas the glyceride 

polar group could induce some specific interaction with the surfactant head-groups. 

 

4.2. Experimental methods for investigating empty and swollen micelles 

Dynamic light scattering (DLS) was used16 for measuring the translational diffusion 

coefficient of the micelles and for determination of their hydrodynamic (Stokes) diameter, dh. 

The latter was calculated63 from the measured diffusion coefficient, D, by the Stokes-Einstein 

formula 

dh = kT / (3πηD)        [41] 

where η is the viscosity of the disperse medium (water), T is the absolute temperature, and k 

is the Boltzmann constant. 

 Static light scattering (SLS) was used for determination of the molecular mass, Mp, 

and the aggregation number, ν, of the micelles. For reasons explained in Ref 16, we 

determined the mass of the micelles, and the respective aggregation number, from the 

relation:64 

cK
R

M h )0(
p

→
=

θ
        [42] 

where c = cs − cmc (cs is the total surfactant concentration, cmc is the critical micelle 

concentration); θ is the scattering angle, and Rh(θ) is the so-called Rayleigh ratio, which is 

proportional to the intensity of the scattered light; K is an optical constant: 

2

4
w

2
0

A

24
⎟
⎠
⎞

⎜
⎝
⎛=

dc
dn

λ
n

N
πK         [43] 

NA is the Avogadro number; λw is the wavelength of the illuminating light, n0 and n are the 

refractive indices of the solvent (water) and the solution; dn/dc is the refractive index 

increment (measured independently by refractometer).  
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Our light scattering measurements16 were performed at 27 °C by means of system 

4700C Malvern Instruments (UK), equipped with an argon laser, operating at λw = 488 nm 

with a vertically polarized incident beam. In addition, we used nuclear magnetic resonance 

(NMR) techniques to determine the amount of solubilized triolein in the micelles. For this 

purpose, the molar ratio triolein/C12En was determined from the areas of selected, well-

resolved peaks in the 1H NMR spectra of the swollen micelles (see Ref 16 for details). The 

spectra were recorded on a Bruker DRX-250 NMR spectrometer, operating at 250 MHz for 

protons, using a dual 1H/13C probehead.  

To interpret the data, we made the following two assumptions: (1) the micelles have 

the shape of prolate ellipsoids; (2) the ratio of C12En/SL61 in the micelles is equal to their 

ratio in the dissolved surfactant mixture. The latter assumption implies that a single type of 

mixed micelles is formed in the C12En/SL61 mixture, i.e. that there is no segregation of the 

micelles into C12En and SL61 enriched ones. Note that these assumptions are only used to 

characterize the change of the micelle shape, as a result of oil solubilization. Most of the 

micelle characteristics (aggregation number, total number concentration, diffusion coefficient, 

and number of oil molecules per one micelle), are directly determined by the applied 

experimental methods, and are not influenced by the above two assumptions. 

To determine the micelle shape and composition, the following procedure was used. 

The total mass, Mp, of the surfactant molecules (C12E5 or C12E6), incorporated in one micelle, 

was determined by SLS; see Eq [42]. The relative molar ratio of C12En and SL61 in the 

micelles is calculated by using the assumption 2. Then the volume of the hydrophobic part of 

the surfactant molecules included in a micelle, VHPB, was calculated from the mass of the 

aliphatic chains of the C12En molecules, plus the polyoxypropylene chains of the SL61 

molecules, incorporated in one micelle (Figure 10). 

 

 

 

 

 

Figure 10. Schematic presentation of a swollen micelle, which has the shape of prolate 
ellipsoid with semi-axes a and b. VHPB + VOIL is the volume of the hydrophobic core of the 
micelle (hydrophobic portions of the surfactant and polymer molecules), while VHPL is the 
volume of the hydrophilic headgroup region. 
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The mass density of the hydrophobic part was taken 0.9 g/cm3 in these calculations. From the 

NMR measurements, we know the molar ratio C12En/triolein in the micelle, which allowed us 

to calculate the number of triolein molecules per micelle and the respective volume, VOIL, 

occupied by the triolein in a swollen micelle. 

 To obtain the volume of the hydrophilic coat of the micelle we calculated the mass of 

EO-groups per micelle. On the basis of literature results,65,66 we assume that each ethoxy 

group binds 2 water molecules. Thus we can determine the total mass of the hydrophilic coat 

and assuming a mass density of ≈ 1 g/cm3, to calculate the respective volume, VHPL. The total 

volume of the micelle is VMIC = VHPL + VHPB + VOIL (Figure 10). 

The assumption that the micelles have the shape of a prolate ellipsoid allows us to 

determine the semiaxes, a and b, from the volume of the micelles, VMIC, and from their 

diffusion coefficient, D, determined by DLS. Note that the hydrodynamic diameter, dh, 

calculated by eq 41, is an effective particle diameter, which has a value between 2a and 2b. 

The ratio of the large to the small axis, p = b/a, is determined from the experimental data for 

VMIC and dh, as an adjustable parameter. This aspect ratio, p, is related to the diffusion 

coefficient of the ellipsoid through the expression55,67 
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αII and αI are the mobility functions for the ellipsoid in directions parallel and perpendicular 

to the main axis, respectively: 67 
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The small semi-axis, a, can be expressed through the micellar volume: 
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         [48] 

Equations [45]-[48] allow one to determine p from the comparison of the experimentally 

measured diffusion coefficient with the theoretically calculated one, if the micelle volume is 

known. Thus one can restore the shape of the micelle from light scattering and NMR data.  
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 4.3. Data for the empty and swollen micelles of C12En + SL61 

Micelle size. Experimental data from Refs 16 and 18 are shown in Tables 1 and 2, and 

in Figs. 11–14. The values of D1 in Table 1 are directly obtained by dynamic light scattering. 

To determine the bulk number concentration of empty micelles in the solution, c10 (a 

parameter that enters Eq 40), we first determined the number of surfactant molecules per 

micelle, Nsurfact, by static light scattering (Table 2). Then we calculated c10 = (cs − cmc)/Nsurfact, 

where cs is the total surfactant concentration.  

To illustrate the values in Table 1, in Fig. 11 we present the effective hydrodynamic 

diameter, dh, which is defined by means of the Stokes-Einstein formula, Eq. [41]. In fact, dh is 

the diameter of an imaginary spherical particle, which has the same diffusivity D1 as the real 

elongated micelle. Figure 11 shows that the micelle size considerably decreases with the rise 

of the SL61 concentration. 

 

Table 1. Experimental parameters for the empty micelles. 

Synperonic L61 
CSL61 [wt %] 

diffusivity    
D1 [cm2/s] 

micelle diameter dh 
[nm], Eq [41] 

micelle concen-tration 
c10 [cm−3] 

(a) Solutions of 0.012 M C12E5 + 0.01 M NaCl 

0.0 0.912 × 10−7 47.7 − 

0.1 1.49 × 10−7 34.7 3.91 × 1015 

0.2 1.93 × 10−7 26.8 8.04 × 1015 

0.3 2.15 × 10−7 24 9.95 × 1015 

(b) Solutions of 0.012 M C12E6 + 0.2 M Na2SO4 

0 2.20 × 10−7 23.5 0.71× 1016 

0.04 2.61 × 10−7 19.8 0.98 × 1016 

0.05 2.71 × 10−7 19.1 1.05 × 1016 

0.08 2.99 × 10−7 17.3 1.27 × 1016 

0.10 3.08 × 10−7 16.8 1.39 × 1016 

0.15 3.3 × 10−7 15.5 1.70 × 1016 

0.20 3.45 × 10−7 14.7 2.02 × 1016 

 

Moreover, the empty micelles in the investigated solutions of C12E5 are markedly larger than 

those in the solutions of C12E6. Note, that as a rule, C12E5 forms bigger micelles than C12E6, 

despite of the lower ionic strength in the C12E5 solutions. This is due to the smaller 

hydrophilic head of the C12E5 molecules, which tend to form aggregates of smaller curvature 
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and bigger size (as compared to C12E6). DLS experiments show that the micelle size 

diminishes also during the solubilization (uptake of triolein). After 7-8 days of solubilization, 

the micelles reach their final size (dh ≈ 8-10 nm, spherical or slightly elongated micelles), 

which is almost the same for all investigated systems, independently of the used 

concentrations of surfactant and SL61. Only for the solutions of C12E6 without SL61, we had 

to make measurements after the 16th day of contact with triolein, because the solubilization in 

this system is very slow: the accelerating effect of SL61 is missing. 
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Figure 11. Hydrodynamic diameter dh of the empty micelles vs. the concentration of SL61 for 
solutions containing (a) C12E5 and (b) C12E6. The continuous lines are fits by parabola.17 
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The biggest aggregates are formed in solutions of surfactant alone (without SL61 and 

solubilizate). Thus, for C12E6, the length of the rodlike micelles was 2b = 2pa ≈ 88 nm (see 

the last two columns of Table 2). The micelles of C12E5, alone, are even greater: they are 

known to form a network structure64 and, consequently, their size cannot be determined by 

DLS. Upon addition of 0.1 wt % SL61 the C12E5 micelles become smaller and cylindrical, of 

length 2b ≈ 134 nm, which is still a considerable size 

 

Table 2. Data for the mixed micelles of C12En + Synperonic L61 on triolein solubilization 

Type of 
surfactant 

SL61       [wt%] Nsurfact. NSL61  Ntriolein p a       [nm] 

0 days (empty micelles) 

1010 0 0 2.6 

518 22 0 2.4 

 

C12E6 

0.0 

0.1 

0.2 356 30 0 

17.0 

11.5 

9.3 2.4 

1841 77 0 2.8 

895 74 0 2.4 

 

C12E5 

0.1 

0.2 

0.3 726 90 0 

24 

21 

17 2.5 

3 days 

853 0 − 2.7 

252 11 6 2.8 

 

C12E6 

0.0 

0.1 

0.2 195 16 7 

11.9 

3.7 

3.9 2.7 

729 30 26 3.0 

437 36 16 2.8 

 

C12E5 

0.1 

0.2 

0.3 331 41 12 

8.0 

7.0 

6.5 2.7 

10 days (full micelles) 

555* 0* 12* 3.2* 

219 9 8 3.9 

 

C12E6 

              0.0* 

0.1 

0.2 198 16 9 

4.8* 

1.2 

2.6 3.1 

341 13 20 4.6 

261 22 15 4.1 

 

C12E5 

0.1 

0.2 

0.3 235 29 12 

1 

1.3 

3.3 3.0 

 
      *After 16 days  
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Aggregation number and amount of solubilized oil. The main results from the SLS 

experiments are presented in Table 2 and Fig. 12. In general, we are dealing with large 

aggregates, which might contain hundreds of surfactant molecules and dozens of copolymer 

(SL61) molecules. 
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Figure 12. Variation of the micelle aggregation number, Nsurfact, during the process of triolein 
solubilization in solutions of: (a) 12 mM C12E5 + 0.01 M NaCl, (b) 12 mM C12E6 + 0.2 M 
Na2SO4, in the presence of various concentrations of Synperonic L61 (SL61).16 

 

In addition, the equilibrated swollen micelles (after 10 days, Table 2) contain between 8 and 

20 solubilized triolein molecules per aggregate. As seen in Fig. 12, the micelles of C12E5 have 

larger aggregation number with respect to surfactant, Nsurfact., than those of C12E6, at 

equivalent other conditions. For the empty micelles (at zero days of contact in Fig. 12), Nsurfact. 
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decreases with the rise of SL61 concentration (the micelles become smaller). During the 

process of solubilization, one observes a significant decrease of Nsurfact., especially during the 

first three days. The solubilization is faster for the solutions containing more SL61. Moreover, 

the solubilization is faster for the solutions of C12E5 in comparison with C12E6. Again, the 

changes in the solution of C12E6 without SL61 are the slowest (Fig. 12b). 

Remarkably, the final ratio triolein/surfactant (after 10 days, Table 2) turns out to 

depend very slightly on the concentration of SL61 for a given nonionic surfactant: 

Nsurfact./Ntriolein ≈ 17 and 25 for C12E5 and C12E6, respectively. This result shows that the main 

role of SL61 is to accelerate the solubilization process, without affecting significantly the 

solubilization capacity of the micelles. The solubilization capacity of C12E5 is somewhat 

greater than that of C12E6 under these experimental conditions.  

Shape of the micelles. As explained in section 4.2, the ellipsoidal shape of the micelles 

is described by two parameters: the length of the short semi-axis, a, and the ratio of the two 

semi-axes, p = b/a, see Fig. 10. The results from the calculations of these parameters are 

presented in Table 2 and Figs. 13 and 14. The length of the micelles decreases with the 

concentration of SL61 in the mixture (Fig. 13a). C12E5 forms about twice-longer micelles than 

C12E6 at the initial stages of solubilization (Fig. 13b). 

In Table 2 and Fig. 14 one sees that the initial, strongly elongated empty micelles (p ≈ 

9–24) transform into spheres (p = 1) or slightly deformed ellipsoids (p ≈ 2–3) as a 

consequence of the solubilization. The results about the change of the small semi-axis, a 

(Table 2), indicate that the change of the ratio p = b/a is due mainly to shortening of the 

micelles: the increase of a is only about 50 to 70 % at the end of solubilization, whereas p 

decreases around 10 times. In other words, one empty micelle disintegrates into several 

smaller swollen micelles. From the ratio of the micelle aggregation numbers before and after 

solubilization, one can calculate the disintegration number, m, which enters the kinetic model 

in section 3.2. The overall picture of the micelle transformation upon solubilization is 

illustrated in Fig. 14. 

The effect of the solubilized triolein on the size and shape of the investigated 

surfactant micelles resembles that of n-alkanes. Therefore, one may expect that the 

triglycerides are incorporated preferentially inside the hydrophobic core of the micellar 

aggregates.16 
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Figure 13. (a) Aspect ratio p = b/a of ellipsoidal empty micelles vs. the concentration of 
SL61; p is calculated assuming that either 2 or 4 water molecules per ethoxy group are present 
(the solid and empty symbols, respectively). (b) Variation of p during the process of triolein 
solubilization at fixed 0.2 wt % SL61. The surfactant concentration is 12 mM C12En; the 
inorganic salts are as in Fig. 11.16 
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Figure 14. Sketch of the changes in the average micelle size and shape during the 
solubilization in a solution of 12 mM C12E5 + 0.1 wt % SL61 + 0.01 M NaCl. The ratio of the 
long to the short semi-axes is drawn to the real scale.16 

 

 

5. Nonionic surfactants in mixture with triblock copolymers: Solubilization kinetics 

 5.1. Experimental results 

 Table 3 summarizes our results18 for the solubilization of triolein drops in micellar 

solutions of C12E5 and C12E6 at several concentrations of added SL61. The first column shows 

the concentration of SL61. The values of m (the number of swollen micelles obtained by 

splitting of an empty micelle upon solubilization) are obtained by analysis of the static light-

scattering data (Table 2). The solubilization kinetic parameters α and β are determined as 

adjustable parameters from the best fit of data for diminishing oil drops (like those in Fig. 9) 

by means of Eq [39]. Next, the compound solubilization rate constant, χ, and the number of 

triolein molecules per swollen micelle, ns, are calculated from the respective values of α and β 

by using Eq [40] and data for D1 and c10 in Table 1. For comparison, the last column of 

Table 3 contains values of ns, which have been obtained in an independent way, by means of 

NMR spectroscopy in combination with static light scattering; for details see Ref 16. Note 

that the parameters m and ns [NMR] are obtained in equilibrium experiments (triolein phase 
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equilibrated with the micellar solution), whereas the parameters α and β are determined in 

kinetic experiments with separate diminishing triolein drops in the cell from Fig. 3. 

 

Table 3. Equilibrium and kinetic parameters related to the solubilization of triolein drops 

CSL61 [wt 
%] 

m α          [nm/s] β × 106        [s−1] χ (µm/s) 
(Eq. 40) 

ns               

(Eq. 40) 
ns       

(NMR) 

(a) Solutions of 0.012 M C12E5 + 0.01 M NaCl 

0.0 − 0.14 ± 0.01 3 ± 1 0.20 − − 
0.1 5.4 0.21 ± 0.01 4.7 ± 1 0.34 20 20 ± 3 
0.2 3.5 0.68 ± 0.03 37 ± 5 1.05 16 15 ± 2 
0.3 3.1 1.05 ± 0.07 85 ± 14 1.74 13 12 ± 2 

(b) Solutions of 0.012 M C12E6 + 0.2 M Na2SO4 

0.0 3.0 0.034 ± 0.01 0.34 ± 0.06 0.22 5 12 ± 2 
0.05 2.7 0.33 ± 0.02 17 ± 3 1.40 6 10 ± 2 
0.1 2.4 0.47 ± 0.03 22 ± 4 1.44 7 8 ± 1 
0.2 1.8 0.53 ± 0.03 22 ± 4 1.43 7 9 ± 1 

 

 

 5.2. Discussion 

As a characteristic of the solubilization rate we can use the kinetic parameter α, which 

is independent of the drop size, see Eqs [36] and [37]. In fact, α = |dR/dt| for sufficiently small 

drops, that is in the limiting case (β/α)R << 1, see Eq [36]. Accepting α as a measure of the 

solubilization rate, from Table 3 we can conclude that the addition of SL61 to the solutions of 

nonionic surfactants strongly accelerates the solubilization. For example, the addition of 0.2 

wt % SL61 increases the solubilization rate of triolein in the investigated solutions of C12E5 

and C12E6, respectively, 5 and 15 times.  

 The compound solubilization kinetic constant χ also exhibits a tendency to increase 

with the rise of the SL61 concentration (Table 3). According to Eq [34], this parameter can be 

expressed in the form 

χ ≡ 
sd1,

a1,

/1 kk
k

+
        [49] 

where k1,a and k1,d are the rate constants of adsorption and desorption of empty micelles at the 

oil-water interface, and ks is the rate constant of the uptake of oil, that is of the reaction given 
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by Eq [22]. If the latter reaction is sufficiently fast, i.e. if ks >> k1,d, then Eq [49] predicts 

χ ≈ k1,a, which means that the total solubilization rate is limited by the rate of adsorption of 

the empty micelles. If this is the case, all adsorbed empty micelles will be completely 

transformed into ‘equilibrated’ swollen micelles, before their desorption (insofar as ks >> k1,d). 

The coincidence of the data for ns in the last two columns of Table 3a indicates that this is 

really the case for the investigated solutions of C12E5. Indeed, Eq [40] gives a kinetic value of 

ns, determined from the time dependence, R(t), of the radius of diminishing oil drops, see 

Fig. 9. On the other hand, the value of ns obtained by means of NMR refers to micellar 

solutions, which have been equilibrated with the oil phase. Moreover, the good agreement 

between the data for ns in the last two columns of Table 3a is an argument in favour of the 

correctness of our theoretical interpretation of the light-scattering data about the mixed 

micelles, as well as of the data for diminishing oil drops obtained in the capillary cell (Fig. 3). 

 The rate constant of micelle adsorption can be expressed in the form k1,a = 

P exp(−Ea/kT), where P is a pre-exponential factor and Ea is the activation energy; that is the 

empty micelles encounter a barrier to adsorption of height Ea. For the studied C12E5 solutions, 

it turns out that the magnitude of Ea controls the solubilization rate. Our model considerations 

in Ref 17 showed that the height of the adsorption barrier is proportional to the length L of the 

rodlike micelles, that is, Ea = wL, where w is the activation energy per unit length of the 

rodlike micelle. Therefore, one may expect that 

ln(χ) ≈ ln(k1,a) ≈ A1 − L
kT
w        [50] 

where A1 and w are (in first approximation) constant parameters. To check whether our data 

complies with Eq [50], in Fig. 15 we have plotted ln(χ) vs. L; the values of χ are from Table 

3a for CSL61 = 0.1, 0.2 and 0.3 wt %; the length of the empty micelles, L = 2pa, was computed 

using the values of p and a from Table 2. Figure 15 shows that our data do agree with Eq [50]. 

The slope yields w = 0.034 kT per nm. Thus for micelles of length L = 50, 100 and 150 nm, 

the estimated height of the adsorption barrier is Ea = 1.7, 3.4 and 5.1 kT, respectively.18 

The agreement of our data with Eq [50] (Figure 15) implies that the addition of SL61 

to the solution of nonionic surfactant decreases the length of the rodlike micelles, thus 

reducing the kinetic barrier to adsorption and accelerating the solubilization process. 

However, this is not the only way SL61 affects the solubilization rate. As mentioned earlier, 

the latter is characterized by the kinetic parameter α = λ v0
 m ns χ c10. The addition of SL61, at 
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Solutions of C12E5 + 0.01 M NaCl + SL61
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fixed concentration of C12En, simultaneously increases χ and c10, but decreases m and ns (see 

Table 3). In a final reckoning, the growth of the product χ c10 prevails and determines the 

overall increase of α with the rise of the SL61 concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Plot of data from Table 3a for the compound solubilization rate constant, χ, vs. the 
length, L, of the rodlike micelles, in accordance with Eq [50].18 

 

 In the case of C12E6, the solubilization rate α also increases with the rise of the SL61 

concentration, see Table 3b. In this case the kinetic values of ns are systematically lower than 

the equilibrium values of ns determined by NMR (cf. the last two columns of Table 3b), the 

difference being larger for the lower concentrations of SL61. A possible explanation is the 

following.  

Kinetic values of ns, lower than the equilibrium ones, imply that the micelles may 

prematurely desorb from the oil-water interface, before the completion of the reaction, Eq 

[22], i.e. before taking the maximal possible number of oil molecules per micelle. In view of 

Eq [49], this means that the rate constants of desorption and solubilization are comparable, 

that is the ratio k1,d/ks is not much smaller than 1. Such a behaviour could be attributed to the 

fact that the hydrophilic polyoxyethylene brushes of the adsorption layers (and micelles) from 

C12E6 are thicker and more hydrated than those from C12E5. Thus, the transport of a 

hydrophobic triolein molecule from the oil phase, across the hydrophilic brush, into the core 

of an adsorbed micelle, encounters a higher kinetic barrier (smaller ks) in the case of C12E6. In 

addition, a more hydrophilic brush implies a weaker adhesion of the micelles to the oil-water 
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interface, that is a greater desorption rate constant k1,d. Both effects tend to increase the ratio 

k1,d/ks for C12E6, in comparison with C12E5. The addition of SL61 seems to make the micelles 

and the adsorption layers more hydrophobic (that is more “sticky”), which decreases the ratio 

k1,d/ks. This is indicated by the closer kinetic and equilibrium values of ns for the higher 

concentrations of SL61 in Table 3b. The markedly strong increase of the solubilization rate 

with the rise of CSL61 (more than 15 times) in the case of C12E6, seems to be a manifestation of 

this “hydrophobizing action” of Synperonic L61. 

 

6. Ionic surfactants in mixture with triblock copolymers: Solubilization kinetics 

 6.1. Solubilization in the absence of copolymer 

As discussed above, the solubilization of triglycerides by nonionic surfactant solutions 

occurs through a transient attachment of micelles to the oil-water interface. Then, every factor 

that impedes the micelle adsorption, would lead to suppression of the process, or to its 

complete ceasing. As discussed by Chen et al.,14 such a factor is the electrostatic repulsion 

between the micelles and the oil-water interface, the latter being covered with a surfactant 

adsorption monolayer, which bears electric charges having the same sign as the charge of the 

micelles.  

To examine the effect of electrostatic repulsion, we added various portions of the 

anionic surfactant sodium dodecyl-dioxyethylene sulfate (SDP2S) to the solution of 12 mM 

C12E6 + 0.2 M Na2SO4. Thus the molar fraction of SDP2S in the surfactant blend,  

XSDP2S = CSDP2S/(CC12E6 + CSDP2S),       [51] 

was varied (C denotes molar concentration). The addition of SDP2S to the C12E6 solutions 

does not significantly affect the micelle size: by means of dynamic light scattering (DLS; 

Malvern 4700C, UK) we found that the hydrodynamic diameter of the empty micelles varies 

within 10 % for 0 ≤ XSDP2S ≤ 0.25. 

Figure 16 shows the rate of solubilization of soybean oil, characterized by |dR/dt |, as a 

function of XSDP2S. The results demonstrate that the solubilization rate considerably decreases 

for XSDP2S ≥ 0.10; furthermore, the solubilization is completely ceased for XSDP2S ≥ 0.17. 

These findings can be attributed to a growth of the electrostatic barrier to micelle adsorption 

and to a decrease in the respective adsorption energy, caused by the rise of the negative 

surface electric charge. Our results are consonant with the findings of other authors14,68-70 that 
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the solubilization is suppressed in the presence of ionic surfactants, except in the case of oils, 

which exhibit a considerable solubility in pure water.8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Rate of solubilization of soybean oil vs. the mole fraction of SDP2S in mixture 
with C12E6; all solutions contain 12 mM C12E6 and 0.2 M Na2SO4. The experiments are 
carried out with separate oil drops of initial radius R0 ≈ 35 µm with the cell in Fig. 5.18 

 

 

On the other hand, ionic surfactants are most frequently involved in detergency 

formulations because of their useful properties. One way to put down their inhibitory action 

on solubilization is to reduce the electrostatic barrier by addition of some divalent or trivalent 

counterions, as discussed below.  

 Large rod-like micelles are formed in solutions of anionic surfactants in the presence 

of inorganic electrolytes, and especially of salts with divalent and trivalent counterions.71,72 In 

Ref 72 it has been shown that the binding of Al3+ to the SDP2S headgroups essentially 

reduces the micelle negative surface charge and gives rise to the formation of long rodlike 

micelles. Moreover, one could hypothesize that the Al3+ ions might bridge between the 

micelle and the oil-water interface and to bring about micelle adsorption. To check whether 

such micelles are able to solubilize triglycerides, we carried out experiments on solubilization 

of triolein in solutions of SDP2S in the presence of Al3+ counterions. However, our 

experiments with this system (the system SDP2S + Al3+) showed that triolein is not 

solubilized in such anionic micellar solutions. The reasons for the latter negative result could 

be at least two: (i) Despite the binding of Al3+, the electrostatic repulsion remains large 
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enough to prevent the micelle adsorption at the oil-water interface; (ii) even if micellar 

adsorption takes place, the water-rich film, intervening between micelle and oil, may create a 

high kinetic barrier to the transfer of hydrophobic triglyceride molecules from the oil phase 

into the micelle. Further experiments showed73 that the problem can be resolved if a triblock 

copolymer, such as Synperonic L61 (SL61), is added to this system. 

 

 6.2. Solubilization in the presence of copolymer and trivalent counterions 

 As explained in the previous subsection, in the absence of SL61, the solutions of 

SDP2S + AlCl3 do not solubilize triolein. Then, a basic question appears: whether the 

inability of ionic surfactants to solubilize triglycerides is due to kinetic factors (high micelle 

adsorption barrier, or barrier to the transfer of oil), or to thermodynamic factors. The 

occurrence of solubilization, when SL61 is added to the solution of SDP2S + AlCl3, indicates 

that the reason is kinetic, rather than thermodynamic. The analysis of the experimental data 

from the solubilization kinetics implies that the kinetic (electrostatic) barrier is suppressed 

only in the presence of both SL61 and AlCl3. In particular, the addition of AlCl3 to the SDP2S 

solutions leads to binding of Al3+ counterions at the micelle and oil-drop surfaces, thus 

reducing the negative surface potential and the adsorption barrier per unit length of the 

micelle. However, the Al3+ counterions induce the growth of long rodlike micelles of SDP2S. 

As the adsorption barrier is proportional to the micelle length, the SDSP2S micelles in the 

presence of AlCl3 turn out to be too long to overcome the barrier and, consequently, they do 

not adsorb at the oil-drop surface. The addition of SL61 leads to a decrease in the micelle 

length, thus reducing the adsorption barrier and promoting the solubilization by the mixed 

SDP2S/SL61 micelles.73  

In summary, Al3+ promotes the solubilization by reducing the micelle surface charge, 

while SL61 promotes the solubilization by decreasing the length of the rodlike micelles. Our 

further analysis of the data for the system SDP2S + SL61 +Al3+ showed the existence of three 

main differences with the system {nonionic} + SL61, considered in section 5: 

 First, in the presence of SL61, the empty and swollen micelles of SDP2S are relatively 

small: spherical or slightly elongated. Such small aggregates do not break down to smaller 

micelles upon solubilization (as it is with the long rodlike micelles of EO5 and EO6 

considered in section 5). 
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Second, we observed that the oil drops in emulsions containing SDP2S + SL61 +Al3+ 

are sticky: they adhere to each other and to the walls of the vessel. As the composition of the 

adsorption layer on the drop surface and of the micelles is similar, one can expect that the 

micelles in this system are also sticky. The latter implies a higher coverage of the oil-drop 

surface with adherent micelles. Consequently, one might expect that the micelle adsorption 

can be beyond the linear Henry region of the adsorption isotherm. In other words, the simple 

Henry isotherm, used by us to interpret the data for EO5 and EO6 in section 5, is not 

applicable in the present case. For that reason, for the system SDP2S + SL61 +Al3+, we used 

the Langmuir isotherm to describe the adsorption of micelles at the oil-water interface.  

Third, since the uptake of oil is expected to render the micelles more hydrophobic, the 

rate constants of adsorption and desorption can be, in general, different for the empty and 

swollen micelles. As before, we use subscripts ‘1’ and ‘2’ to denote, respectively, empty and 

swollen micelles. Thus, we arrive at a kinetic model with two micelle-adsorption rate 

constants, k1a and k2a, two micelle-desorption rate constants, k1d and k2d, and one rate constant 

of solubilization (uptake of oil by the empty micelles), ks.  

Because the experimental system and conditions are different (as compared to the case 

of nonionic surfactants), in Ref 73 we arrived at a kinetic model, which is different from that 

in section 3.2. The comparison of the new model against experimental data for ionic 

surfactants (+ SL61) showed that ks >> k1d, and k2a >> k1a. The latter relationship means that 

the adsorption is faster for swollen micelles, than for empty micelles. In other words, the 

barrier to adsorption of swollen micelles is lower. Under these circumstances, the theory73 

provides the following approximate expression for the dependence R(t):  

r2/1
0101

2/3

2
v3

S
l

ncD
dt

dR s ≡−≈
λ

 = const.     [52] 

2d1a

2a
101 kk

k
cDAl ∞=         [53] 

where A∞ is the excluded area per adsorbed micelle, and the constant (independent of drop 

size) parameter Sr characterizes the solubilization rate. 

In accordance with Eq [52], we plotted the experimental data for the system SDP2S + 

SL61 + Al3+ as R3/2 vs. t. The data were found to agree very well with Eq [52], see Fig. 17.  
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Figure 17. Plot of R3/2 vs. time, t (1 ks = 1000 s), for a triolein drop subjected to solubilization 
in micellar solutions of 12 mM SDP2S + 12 mM AlCl3, containing also 0.25 wt% SL61. The 
symbols are experimental points; the line is the best fit by means of Eq [52].73 

 

From the slope of lines, like that in Fig. 17, the parameters l and Sr were determined - see 

Table 4. As seen from the table, Sr increases with the addition of SL61, i.e. SL61 accelerates 

the solubilization of triolein for this system.73 

 

Table 4. Parameters related to the solubilization of triolein in solution containing 12 mM 
SDP2S + 12 mM AlCl3 at various concentrations of SL61. 

CSL61 

[wt %] 

D1 
[10−7 cm2/s] 

c10 
[1016 cm−3] 

ns 

(NMR) 

l 

[mm] 

Sr [µm3/2/(ks)] 

0.25 5.54 4.42 5 73.4 0.01 

0.50 6.38 8.67 4 4.27 0.74 

0.75 5.81 10.4 4 4.39 0.80 

1.00 5.44 11.4 4 1.30 1.51 
 
 

 Figure 18 shows similar data for the solubilization of separate triolein drops in 

micellar solutions of the anionic surfactant sodium dodecylbenzene sulfonate (DDBS). The 

addition of 12 mM AlCl3 led to precipitation of the DDBS solutions. To avoid precipitation, 

we added Triton X-100 to the surfactant solutions. Thus, the system becomes DDBS + Triton 

X-100 + SL61 + Al3+. Again, solubilization of triolein takes place only if SL61 and Al3+ are 

simultaneously present. The three almost parallel lines in Fig. 18 correspond to three 
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diminishing triolein drops.73 The data illustrates how reproducible is the value of the 

solubilization rate parameter, Sr, determined from the slope of the different lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Plots of R3/2 vs. time, t, for three triolein drops subjected to solubilization in 
micellar solutions of 10 mM DDBS + 2 mM Triton X-100 + 4.1 mM AlCl3, containing also 
1 wt% SL61. The symbols are experimental points; the lines are the best fits by means of 
Eq [52].73 

 

 If the crucial factor, governing the solubilization kinetics, is the electrostatic barrier to 

micelle adsorption at the oil-water interface (as implied by our data analysis), then one could 

expect that a mere change of the sign of the electric charges should not alter the overall 

occurrence of the solubilization process. To check that, we made the following changes in the 

solubilization system: (i) the anionic surfactant (SDP2S, DDBS) was replaced with a cationic 

surfactant, dodecyl trimethyl ammonium bromide (DTAB) or hexadecyl trimethyl ammonium 

bromide (HTAB). (ii) The positive trivalent counterion (Al3+) was replaced with a negative 

one (Citrate3−). Figure 19 shows that solubilization of triolein takes place again and that the 

solubilization rate (characterized by Sr) is comparable with that for anionic surfactants (cf. 

Table 4 and Figs. 17 and 18). The solubilization rate for HTAB is about 2 times greater than 

that for DTAB (all other conditions the same), which is indicated by the greater slope of the 

line for HTAB in Fig. 19. For the investigated concentration range, we found73 that if the 

concentration of SL61 is increased 3 times, Sr increases by a factor of 12.5. 
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Figure 19. Plots of R3/2 vs. time, t, for three triolein drops subjected to solubilization. The 
used micellar solutions contain 12 mM DTAB or 12 mM HTAB, as well as 0.1 M Na3Citrate 
and 1 wt% SL61. The symbols are experimental points; the lines are the best fits by means of 
Eq [52].73 

 

 

7. Conclusions and future trends 

The solubilization could happen as either bulk or surface reaction (Figs. 1 and 2).  

The case of bulk reaction is typical for oils that exhibit a pronounced solubility in 

water. By experiments with single drops (Fig. 3) one can determine the kinetic parameters of 

the process: the mass transfer coefficient of oil across the oil-water interface, α0, and the rate 

constant of solubilization, k+; see section 3.1. The data for solubilization of decane by SDS 

micelles indicate that the act of catching of an oil molecule by a micelle occurs under a barrier 

(rather than diffusion) control. 

 The case of surface reaction is typical for oils that have negligible solubility in water. 

In the practically important case of triglycerides, we found that solubilization may happen in 

mixed solutions of nonionic surfactant (C12E5 and C12E6) and triblock copolymer (Synperonic 

L61). The mixed micelles in these solutions contain hundreds to thousand surfactant 

molecules and dozens of polymer (SL61) molecules; see section 4. The developed theoretical 

model (section 3.2) and its comparison with the experiment (section 5) allowed us to 

determine the compound rate constant of solubilization, χ ≈ ka, and the number of oil 

molecules in a swollen micelle, ns. 
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The addition of SL61 to the micellar solutions of C12E5 and C12E6 leads to a 

considerable decrease in the average micelles size (Fig. 11 and Table 2). In this way, SL61 

promotes solubilization by decreasing the barrier to micelles adsorption at the oil-water 

interface: this barrier is proportional to the length of the rodlike micelles; see Eq [50] and Fig. 

15.  

The ionic surfactants are unable to solubilize triglycerides, because the strong 

electrostatic repulsion between the micelles and the oil-water interface prevents them from 

coming into contact. This kinetic barrier can be suppressed by simultaneous addition of 

triblock copolymer (SL61) and trivalent counterions (Al3+ for anionic surfactant and Citrate3− 

for cationic surfactant); see section 6. The binding of counterions reduces the surface electric 

charge of the rodlike micelles, but increases their length. In its own turn, the addition of SL61 

decreases the average micelle length and reduces the barrier to micelle adsorption at the oil-

water interface. Hence, the triblock copolymer again acts as a promoter of solubilization. 

In the present chapter, we demonstrated that different kinetic mechanisms could be 

realized for different experimental systems. The developed theoretical models have been 

successfully tested against experimental data. A question, which is still open, is how general 

are these models, i.e. whether some other mechanisms could exist for other systems. Possible 

trends for the future studies follow also from the novelty of the presented results. At our best 

knowledge, the data in section 6 are the first results for solubilization of triglycerides by 

solutions of ionic surfactants. The types of block copolymers, electrolytes and surfactants, as 

well as the working concentrations, are far from being completely investigated and optimised. 

We hope that the conclusions about the specific kinetic mechanisms of solubilization, 

presented in this chapter, and the related theoretical models, will be helpful for a future 

development in this field. 
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