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Abstract The kinetics of the surface 
tension of micellar solutions of 
nonionic surfactant Triton X-100 is 
measured experimentally by means of 
three different techniques: oscillating 
jet, maximum bubble pressure and 
inclined plate. They allow to study the 
micellization kinetics at various time 
scales (from a few milliseconds to a 
few seconds) in fairly large concen- 
tration region up to 50 times CMC. 
The experimental data are satisfac- 
torily explained by a theoretical 
model accounting for the kinetics of 
micellization, diffusion of surfactant 
species and expansion of the bubble 
interface. By this model are computed 
the characteristic times of diffusion 
and micellization, which are of 
comparable magnitude (about 5 to 

200 ms), and the Gibbs' elasticity. The 
micellization time constant 
corresponds to the slow relaxation 
process known to coincide with the 
disintegration of micelles. Comparing 
our data with other data from 
literature one can conclude that more 
realistic information for the 
micellization kinetics is obtained by 
the maximum bubble pressure and 
the oscillating jet method. The 
inclined plate seems too slow to 
measure the relaxation processes in 
micellar solutions of this surfactant. 
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Introduction 

The micellar surfactant solutions play an important role in 
many practical processes where the surface properties of 
the solutions are determined by the amount of adsorbed 
substance which changes with time. The adsorption kinet- 
ics is influenced by the micelles present in the solution at 
surfactant concentrations exceeding the critical micelle 
concentration (CMC). Being aggregates of surfactant 
monomers, the micelles act as additional sources of 
material which can appreciably affect the surface tension 
relaxation. 

Since, for a number of surfactants, the relaxation of the 
micelles is a very fast process, it is difficult to account for 

its effect on the surface properties of the solutions [1-3]. 
Also the micelles are polydisperse species contributing in 
a complicated way to the surfactant diffusion and adsorp- 
tion which is laborious for theoretical interpretation [4]. 
That is why one surface experimental method is not 
enough to obtain data consistent with the micellization 
kinetics as revealed by the chemical relaxation techniques 
[5-7]. Usually the characteristic time of micellization (or 
the demicellization rate constant) is extracted from the 
experimental data for the surface tension kinetics by ap- 
proximate theoretical models [1, 2, 8, 9]. Due to the sim- 
plifications these models exaggerate the contribution of 
a part of the experimental data collected at times much 
shorter (or longer) than the characteristic time of diffusion 
(or of miceltization). This leads to micellization time 
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constants which can differ by several times depending on 
the experimental method and/or on the used theoretical 
model. 

Our aim here is to study the kinetics of micellization by 
using complementary surface relaxation methods and pro- 
cessing of the data by more sophisticated theoretical 
model. For  this purpose we apply three classical surface 
methods: oscillating jet, inclined plate and maximum 
bubble pressure. By these methods we detect the surface 
tension at different time scales which allow to compare the 
experimental results as well as to make more definite 
conclusions from the model parameters. The theoretical 
model is based on solving the respective diffusion equa- 
tions assuming the micellization kinetics as a pseudo-first- 
order chemical reaction [1, 3]. This model reflects as much 
features of the experimental system as possible to obtain 
analytical solution. For  example, the experimental data 
from the maximum bubble pressure method are fitted by 
an equation for the dynamic surface tension accounting 
also for the rate of bubble expansion. As model surfactant 
we chose Triton X-100 whose micellization kinetics is 
extensively studied by both surface [1,2, 8, 10, l l J  and 
bulk relaxation methods [12, 13]. 

Experimental methods 

The experiments were performed with aqueous solutions 
of nonionic surfactant Triton X-100 (Serva) at 10 different 
concentrations ranging between 1 x CMC and 50 x CMC, 
where CMC = 1.55 x 10-7 mol/cm 3. The experiments 
were carried out at room temperature 22~ ~ 

Oscillating jet method 

Detailed description of the method is given by Defay and 
Petre [14 I. The liquid jet emerges under constant pressure 
from a slightly elliptical capillary where a new surface is 
created. The liquid flows from the region of higher pres- 
sure (maximum curvature) to the region of lower pressure 
(minimum curvature) to give stationary standing waves. 
Due to gravity the horizontal jet is in fact of parabolic 
shape. When the flowing liquid is a surfactant solution, the 
surfce tension at the jet/air interface decreases with in- 
creasing the distance from the orifice due to surfactant 
adsorption. The surface tension gradient tends to cause 
a flow on the surface toward the orifice which, together 
with the viscous drag on the underlying liquid, reduces the 
mean velocity of the jet. The lowering of the surface ten- 
sion along the jet generates in turn a pressure gradient, 
tending to accelerate the jet [15J. 

The liquid jet illuminated by parallel beam of light acts 
as a sort of cylindrical lens focusing the light at different 
focal lines onto a screen corresponding to different parts 
(oscillations) from the jet. The longer the length of one 
oscillation, the further the focal line. The distance between 
two focal lines, measured by a traveling long-focus micro- 
scope, gives the length of the stationary wave. With in- 
creasing the surfactant concentration the surface tension 
decreases resulting in elongation of the oscillations. Such 
elongation was observed in our experiments with Triton 
X-100 at concentrations above 10 times CMC. 

To calculate the surface tension from the jet profile one 
has to resolve the hydrodynamics problem for the liquid 
flow inside the jet. Considering three dimensional viscous 
flow one can obtain for the surface tension [14, 16-18] 

4pQ2 Ll + (37q2/24r2)~ 
= 6--dJ  + 

\pQ/ + 3 j ,  

where Q is the flow rate, r is the mean radius of the 
capillary, )o is the length of one oscillation (considered also 
as a wavelength),/~ and p are respectively the viscosity and 
the density of liquid, q is the amplitude of the jet oscilla- 
tion. We calculated the surface tension by the following 
approximate equation: 

~; = 6r2 ~ 1 + (5~z~r2/322 ' (2.2) 

since in our experiment 

q<<r , (2.3) 

and #7/pQ<<l (cf. Eq. (2.1)). 
According to the procedure described in refs. [17, 19] 

the surface age t is obtained from the expression 

X 
t = - - ,  (2.4) 

Vs 

where the surface velocity v~ is defined as 

Q 
v~ - (2.5) 

7.[.r 2 

and the distance x is measured from the first wavelength Z, 
taken as reference line during all the experiments. 

Three elliptical capillaries of different mean radii were 
used: r~ = 0.0342 cm; rz = 0.0288 cm and r3 = 0.0218 cm. 
The flow rate Q of the jet was determined after each 
experiment by measuring the amount of solution flowing 
into a standard vessel for certain time. At constant pres- 
sure the flow rates depend on the capillary radius and are 
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about 1.45 ml/s for capillary l, 0.99 ml/s for capillary 2 and 
0.62 ml/s for capillary 3. They produce jet waves of differ- 
ent number and length 2. For  capillary 1 2 varies between 
0.711 cm (second wave) and 0.741 cm (eleventh wave) at 
concentration 1 x CMC. For  low surfactant concentra- 
tions the first wave at the jet orifice is appreciably longer 
than the next ones which leads, in view of Eq. (2.2), to 
lower calculated surface tension. That is why we disregard 
this wave. With increasing of the surfactant concentration 
the length of the waves increases whereas their number 
decreases. At the highest concentration 50x CMC the 
values of 2 are 0.919 cm (first wave) and 1.095 cm (fifth 
wave). After the last wave the jet disperses. Each measure- 
ment of 2 was carried out twice in order to obtain repro- 
ducible results. 

Figure 1 represents typical results for the surface ten- 
sion measured by the three capillaries at surfactant con- 
centration 15xC MC.  It is seen that the data points 
obtained by capillaries 2 and 3 practically coincide, where- 
as the surface tension measured by capillary 1 is always 
higher. Since at smaller capillary radius r the wave ampli- 
tude q should be larger, the condition (2.3) can be no 
longer valid. Subsequently, neglecting the respective term 
in Eq. (2.2) leads to lower values for g with capillaries 2 and 
3 than with capillary 1. The same feature is demonstrated 
also at lower surtactant concentrations where the differ- 
ence in a can be even larger. At higher surfactant con- 
centrations, however, this difference becomes negligible 
because q decreases (the wavelengths 2 increase) which 
makes the condition (2.3) of better validity. 

The time scale of the oscillating jet method is typically 
between one millisecond and several hundredths of a sec- 
ond. By decreasing the capillary radius it is possible to 
access very short ages t of the liquid jet. For  example, with 

Fig. 1 Time dependence of the surface tension of micellar solution of 
Triton X-100 (15 x CMC) measured by the oscillating jet method. 
Empty and full figures correspond to two successive measurements 
by the respective capillary 
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capillary 1 were measured initial times t ~ 2 ms, while with 
capillary 3 - t ~ 0.9 ms. However, the surface tension cal- 
culated from the first few waves corresponding to very 
short times t < 3 ms is too high and must be disregarded. 
Even for pure water the right surface tension has been 
found after the fourth wave [1]. This phenomenon is very 
tangible at surfactant concentrations up to several times 
CMC. The values of o- larger than the surface tension of 
pure water (72.5 dyn/cm) in Fig. 1 are due to a shortcom- 
ing of Eq. (2.1) derived originally for plug flow in the jet. 
This is not the case along the first few waves close to the 
orifice where transition from Poiseulle flow in the capillary 
to plug flow in the jet occurs. To avoid this problem the 
data points larger than 72.5 dyn/cm are not considered in 
computing the surface tension by the theory (see below). 

Inclined plate method 

The used experimental setup is that described by Van den 
Bogaert and Joos [20] (see also ref. [-21]). The surfactant 
solution was allowed to flow over an inclined glass plate 
with an angle of inclination ~ = 4 ~ kept constant through- 
out the experiments. The plate length is about 2 m. Two 
other small glass plates of the same length are fixed at the 
side edges to form a canal of width B = 2 cm. At the inlet 
(top of the canal) a fresh air/water surface is formed; with 
increasing the distance x from the inlet surfactant molecu- 
les adsorb onto this surface. Due to the different amount  of 
adsorbed surfactant molecules with time the surface ten- 
sion decreases with increasing the distance x from the inlet. 
The surface tension is measured as a function of x by using 
a Wilhelmy plate connected to the side arm of Statham 
force transducer. 

The surface age t at some distance x from the inlet is 
calculated by Eq. (2.4) although there are effects that can 
complicate this procedure [17, 19, 20, 22]. The surface ve- 
locity Vs is given by the equation [20]: 

pgh 2 sin c~ 
vs - -  , (2.6) 

2/~ 

where g is the gravity acceleration and h is the thickness of 
the flowing layer 

= \Bpg sin ~jl/3 . h (2.7) 

The flow rates Q were between 6.3 and 7.0 ml/s providing 
liquid layer of thickness about 1 ram. 

Typical results for the surface tension are plotted in 
Fig. 2, implying that in this method the surface age t can 
range from tenths of a second to few seconds. 
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Fig. 2 Surface tension of micellar Triton X-100 solutions measured 
by the inclined plate method. The surfactant concentration n is 
represented in times CMC 

Fig. 3 Effect of exhausting of surfactant on the dynamic surface 
tension measured by the maximum bubble pressure method (Triton 
X-100 concentration 3 x CMC). The numbers show the number of 
successive measurement 

Maximum bubble pressure method 

Here we used the apparatus described in refs. [10, 11J 
which is applicable to very short life-times (high bubbling 
frequencies). The pressure inside the system is measured by 
a pressure transducer. This pressure is equal to the max- 
imum bubble pressure because the system is of volume 
much larger than the volume of the bubble itself. The 
frequency of bubble formation v is measured by an acous- 
tic system with a microphone. The signals from different 
detectors are processed by computer  which calculates the 
dynamic surface tension as a function of time corrected for 
dead time 2-dead 

"/:dead = ~ 1 + ~ . (2.8) 

Here p = 2~r/R, R is the actual bubble radius at the 
moment  of measurement of the pressure, 

rcr r k -  
Lgg 

is a constant calculated assuming Poiseulle flow of the gas 
along the capillary of length L, pg is the gas viscosity. The 
dead time is determined from the change in the slope of the 
curve pressure vs gas flow rate Q corresponding to 
a change of the flow regime from individual bubbles to 
a gas jet regime. Knowing ~d~aa one can calculate the 
actual life-time of the bubble surface [11] 

2- = V - 1  __ 2-dead �9 (2.9) 

Three computer  programs are available for determina- 
tion of a(t) which differ by the approximations made in 
calculating of the respective quantities. Since these pro- 
grams give close results for the dynamic surface tension 

[23], here we discuss only the data computed by the last 
program. Figure 3 represents data for the dynamic surface 
tension of one and the same surfactant solution of concen- 
tration 3 x CMC obtained by three successive measure- 
ments numbered 1, 2 and 3. The increase of the surface 
tension at each subsequent measurement is due to exhaust- 
ing of surfactant from the solution of volume 25 mt by the 
gas bubbles. The same effect, although less pronounced, 
was observed also at higher surfactant concentrations. 
That  is why we carried out the measurements of a particu- 
lar solution only once and then replaced the working 
solution with a new one for the new measurements. ~ 

Kinetics of adsorption on expanding interlace 

In this section we derive analytical expressions for the 
kinetics of adsorption from micellar surfactant solutions in 
the case of an expanding interface. It models the adsorp- 
tion on a gas bubble growing on the tip of a capillary 
immersed in the surfactant solution. Due to expansion the 
adsorbed layer stretches and the surface monomer  concen- 
tration decreases, hence, the surface tension increases. 
From the other side surfactant molecules (monomers) tend 
to adsorb onto the bubble surface in order to balance their 
insufficiency there which leads to lowering of the surface 
tension. The counteraction of these two tendencies deter- 
mines the dynamic surface tension of the bubble. The 
presence of micelles in the solution sufficiently affects the 
transport  of monomers  towards the surface by diffusion. 

We account for this effect using the equation 

( ~ 1  ( ~ D  ~ 1  (~2~1 1 ~1 (3.1) ~ - -  7xx =D1 0x 2 ~M 
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motivated in refs. [3, 4]. Here ~l(x,t)=(ca- 81)/81 is 
dimensionless concentration of the monomers, where c, is 
the concentration of free monomers and 8~ = CMC 
(bar above the letter denotes equilibrium quantity); 
5~ = dff/dS~ is the characteristic diffusion length; D~ is the 
diffusivity of the monomers; rM is the characteristic time of 
demicellization. The most important boundary condition 
for solving Eq. (3.1) is the surface balance of monomers 

dF ~?~1 x=O (3.2) d t  + ~ c = D l c l ~  , 

where F is the adsorption and & is the rate of expansion of 
bubble surface of area A(t) 

1 dA &-  
A dt 

Equation (3.1) is derived assuming that the free mono- 
mers and the micelles are of equal diffusivities [4] and that 
the velocity of liquid flow due to expansion of the bubble 
surface is fix, t)~ -~(t)Sm The last expression is an 
oversimplified version of the equation of Van Voorst 
Vader [24] where we simply replace the x-coordinate by 
the diffusion length 6D [3, 25]. Although this approxima- 
tion was succesfully applied in describing experimental 
data for the dynamic surface tension [3, 25, 26] it can be of 
limited validity for particular cases of adsorption. For 
example, at steady state the time derivatives in Eqs. (3.1) 
and (3.2) drop out and the integration gives for the subsur- 
face concentration 

2F (d~/dff) 
q ( O ,  t) = ~ - 

1 + + (4D  

For micellar solutions the last equation predicts depend- 
ence of the subsurface concentration on time through the 
rate of expansion/fit). However, it fails for solutions below 
CMC where the term accounting for the expansion is zero, 
(1/ZM) ~ 0, and the subsurface concentration remains con- 
stant. This is in contrast to the respective equation of Van 
Voorst Vader and can be explained by the fact that the 
convective and diffusion terms in Eqs. (3.1) and (3.2) be- 
come of one and the same order. Such a problem does not 
exist if the time derivatives are also kept, which is demon- 
strated below by numerical computations (see Fig. 4). 

Integrating Eqs. (3.1) and (3.2), we assume constant 
rate of bubble expansion although the bubble surface 
changes with the time in a complicated way. The expres- 
sion for /t is obtained experimentally in [27]. Since the 
surface tension does not depend essentially on the type of 
expansion of the bubble surface [25, 27], one can replace 
the experimental function A(t) by a linear dependence [27] 

A(t)= Ao (I + ~) , (3.3) 

where Ac = 7or 2 is the cross-section area of the capillary 
and r is the time for blowing of an air bubble, defined by 
Eq. (2.9). At the beginning (when t = 0) the surface area 
A is equal to Ao. At t = r respectively A = 2Ao = 27cr 2, 
which corresponds to hemispherical bubble and maximum 
bubble pressure. The respective equation for the rate of 
expansion 

1 
~(t) - (3.4) 

r (1 + (t/T)) 

predicts that ~ decreases with time from 1/r at the begin- 
ning of the process to 0.5/r at its end. To solve the diffusion 
Eq. (3.1), we replace (3.4) by its average value [27] 

1 i ln2 & = -  &(t)dt - , (3.5) 
r o "c 

which is already constant throughout the expansion of 
a single bubble. 

The final result for the dynamic surface tension is [3] 

A~ 1 b2 { -~-T [ ~ 1  - e (1 + G ) E  ( I + G )  
Aao 2G 

42Aao2a2 fi 3 a - b  1 - - e - ~ T E  b 

1 b ~ { 
+ ~ e (1 - G -  3a) 

x(1 + G)E [(1 + G) ~ 1  

- ( I  + G -  3a)(1-G)E I ( 1 - G ) ~ - I }  } , 

(3.6) 

where Aa = o-(t) - if; Act o = A~r(0); T = t/~D is dimension- 
less time; 

ag 
ri) = - -  (3.7) 

D1 

is characteristic time of diffusion; a = 0~ZD is dimensionless 
rate of expansion; 

/~ = rD/rM (3.8) 

is dimensionless parameter, which gives the ratio between 
the time for diffusion of the monomers and the time for 
their production as a result of the micelle disintegration; 

b = a a + 4fi 
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is dimensionless parameter ;  ~ is the Gibbs '  elasticity de- 
fined by 

_ d 6  
e = - F d-F" (3.9) 

The  pa rame te r  G is given as 

G = ,,/1 - a(6 - a) + 4/3, (3.10) 

and the function E is 

E(z) = e Z~' [1 - erf(z)] , (3.11) 

where err(z) is the error  function 

z 

Equa t ion  (3.6) represents the relaxat ion of the surfce ten- 
sion, affected by the convect ion and the expansion of the 
bubble  surface and  also by the destruct ion of micelles. Due  
to the made  approx ima t ions  the first two affects are ac- 
counted for by the dimensionless pa rame te r  a, while the 
third one - by the dimensionless pa rame te r  ft. Depending  
on the magni tudes  of a and/3 there are par t icular  cases of 
Eq. (3.6) considered below. 

At surfactant  concent ra t ion  below C M C  (there are no 
micelles in the solution)/3 = 0, because rM ~ oo. Accord-  

ing to (3.10) G = x/1 + a(a - 6) and Eq. (3.6) t ransforms 
into Eq. (2.18) f rom ref. [-25]. In the par t icular  case of 
a surface wi thout  expansion,  it simplifies to the Suther- 
land's  equat ion  [28, 29]. 

When  the surface area does not  change with time, 
a = 0, Eq. (3.6) reads [-4] 

- e ( I + ~ ) E  ( I + G )  
Aao 2G 

/1 } 
Therefore,  Eq. (3.6) consists of two basic terms. The  first 
te rm accounts  for the relaxat ion of the surface tension due 
to increase of the adsorp t ion  of surfactant  molecules. It  
decays with the t ime since for a non-expanding  surface it is 
necessary a(t) --, ~ at  t ~ ~ .  The  second term, containing 
the Gibbs '  elasticity ~, accounts  for the effect of  expansion 
of the bubble  surface with the time which effectively de- 
creases the adsorpt ion,  i.e., increases the surface tension. 
The last te rm will grow with t ime start ing f rom zero at 
t = 0. The  counterac t ion  of these two terms will determine 
the t ime dependence of 0r. In the m a x i m u m  bubble  pressure 
experiments  a(t) always decreases with time, which means  
that  the first term domina tes  over  the second one. Favor -  
ing of the second te rm was observed experimental ly  for the 
interfacial tension of an oil d rop  expanding at constant  

rate in surfactant  solut ion [-26]. Both  two terms contain 
the effect of the micelles because, by mak ing  the surface 
tension to relax faster, the micelles affect in turn the con- 
vective transfer of monomers .  

There is a peculiar point  at G = 0, i.e., at a(6 - a) = 
1 + 4/3, which leads to special cases depending on the ratio 
between a and/3. Since they were not  discussed in [3], we 
will consider them more  thoroughly:  

(i) a ( 6  - a)  < 1 + 4/3. 

In this case the error  function is calculated by numerical  
integrat ion of Eq. (3.12). If  4/3 < a(6 - a), i.e., G < 1, the 
function E is calculated by (3.11). At 4/3 > a(6 - a), i.e., 

G > 1, the a rgument  of this function (1 - G)x~f/2 be- 
comes negative, which gives for (3.11) 

E( - z) = 2e z~ - e Z2 [1 - eft(z)] , (3.14) 

where z = (G - 1) x/T/2. The numerical  p rocedure  for cal- 
culating E is described in [25]. 

(ii) a(6 - a) > 1 + 4/3. 

Then  G becomes complex because of the negative radical 
quantity.  In t roducing  the imaginary  quant i ty  G* = iGo, 
where 

Go = x /a (6  - a) - (1 + 4/3) 

we can write (3.11.) as [-25] 

E(iz) = U - iV ,  z = (1 + G)x/T/2, 

E ( -  iz) = U + iV ,  z = (1 - G),~/T/2 . 

Here  z is a complex a rgument  

z = G ~ - + i  2 ' 

whereas U(z) and V(z) are the real functions 

2 
U({, {) = ~ e r j" e - ' - '  cos [-2~(y - {)] dy (3.15a) 

z _ y 2  2 e~_. ~ e sin [,2~(y - ~)] dy (3.15b) v(~,~) ~ 

which can be calculated by numerical  integration.  In view 
of the above definitions Eq. (3.6) t ransforms into: 

A ( r ( T ) - e - ~ T (  U ~o) ~ a 
Aao - -~ 2Ao'o 2a z - / 3  

x --e # ) l  

t (3.16) 
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Based on the analytical expressions summarized above 
we calculated the dynamic surface tension at different 
values of the parameters. The results of such calculations 
for solutions without micelles (fi = 0) presented in Fig. 4a 
illustrate the net effect of the bubble expansion. The calcu- 
lations are performed assuming that the rate of bubble 
expansion & depends on time in the following way: 

ln2 
&(t) - (3.17) 

t 

(cf. Eq. (3.5)). In fact, integrating the diffusion equation 
(3.1), we assumed that d~ does not depend on time during 
the formation of one bubble. The introduction of time 
dependence of ~ in the final equations is suggested by the 

Fig. 4 Effect of the bubble area expansion on the dynamic surface 
tension: a) Model system below CMC. The solid lines are computed 
at different values of the diffusion time rD assuming expansion rate 
&(t) defined by Eq. (3.17). The dashed line is at constant bubble area; 
b) Model system above CMC. The lines are computed at different 
values of the parameter fl and at expansion rate (3.17) 
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way the experimental data for o-(t) are obtained by the 
maximum bubble pressure method. In this case, as pointed 
out in [27], each point from the dependence of cr on 
r correponds to an individual bubble. This value is not 
a current value of a for one and the same surface, as it is for 
the other methods, e.g. oscillating jet and inclined plate. In 
this way the variable t runs different values of r, corres- 
ponding to different bubbles of different life-times. This 
feature of the maximum bubble pressure method can be 
accounted for by introducing in the final expression for 
or(t) a quantity d~, depending on the time t, instead of the 
constant rate of expansion assumed in solving the diffusion 
problem. 

The solid lines in Fig. 4a represent the dynamic surface 
tension a(t) at different values of the characteristic diffu- 
sion time ZD. It is seen, that with decreasing of ZD the 
surface tension decreases more rapidly. Since in this case 
the diffusion of monomers proceeds faster, it compensates 
more successfully the increase of the surface tension due to 
bubble surface expansion. The dashed line corresponds to 
the case of non-expanding surface at the smallest diffusion 
time (0.1 s). In this case the surface tension decreases faster 
in comparison to the expanding surface, which implies the 
importance of the bubble area expansion. 

Figure 4b illustrates the effect of the micelles on the 
dynamic surface tension at different values of the para- 
meter ft. All curves are drawn by Eq. (3.6) at one and the 
same diffusion time ZD = 1 S. When fi increases, i.e., the 
micellization time ~M decreases compared to the diffusion 
time ~D, the surface tension decreases faster. This fact can 
be explained with the contribution of micelles to the diffu- 
sion owing to the influx of monomers, released by the 
micelles. 

Results 

Oscillating jet method 

The experimental data for a(0 in Fig. 5 show that the 
surface tension measured by three different capillaries de- 
creases with time tending to the equilibrium value 6-. With 
increasing of the surfactant concentration the surface ten- 
sion decreases more quickly, because the micelles acceler- 
ate the adsorption kinetics by supplying the surface layer 
with monomers. Similar trends are observed also in the 
experiments performed by the inclined plate and the max- 
imum bubble pressure method (see below). Since the jet 
surface does not expand during the experiments the data 
are processed by Eq. (3.14) at two adjustable parameters: 
characteristic time of diffusion ZD and characteristic time 
of demicellization rM. As seen from the figures the theory 
describes fairly well the experiment except for capillary 
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Fig. 5 Surface tension of micellar solutions of Triton X-100 meas- 
ured by different capillaries of the oscillating jet: a) capillary 1 
(rl = 0.0342cm); b)capillary 2 (r2 = 0.0288 cm); c)capillary 3 
(ra = 0.0218 cm). The concentrations shown in the legend are in 
times CMC. The solid lines are theoretical fits of the data 
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3 at the lowest surfactant concentrations.  This can be due 
to exhausting of surfactant molecules f rom the solution by 
foaming. The values of ZD and ZM obtained by the numer-  
ical fits are plotted in Fig. 6. 

The characteristic time of  diffusion ZD was found to 
decrease above C M C  (Fig. 6a) which means increasing of  
the contr ibut ion of  the free monomers  to the diffusion. As 
defined by Eq. (3.7), this time should remain constant  
above C M C  because the derivative dF/dgl = 5D is taken at 
CMC. This corresponds to the fact that  above C M C  the 
number  of free monomers  remains constant  at equilibrium 
conditions. Mainta ining constant  "CD, as done for sodium 
dodecylsulfate solutions [3], did not  give good  fits of the 
data for Tri ton X-100. For  this reason we are using ~D as 
a second adjustable parameter.  

The characteristic time of demicellization ZM tends to 
decrease, implying an increased contr ibut ion of the 
micelles to the surfactant adsorpt ion (Fig. 6b). 

Fig. 6 Time constants calculated theoretically from the experimental 
data in Fig. 5 measured by the oscillating jet: a) characteristic time of 
diffusion; b) characteristic time of micellization 
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The points for rD and rM are mean values calculated for 8o 
two different measurements of the surface tension by one 
and the same capillary. The error bars represent the devi- v0 
ation of the two values from the mean. The deviation is 
larger at relatively small surfactant concentrations close to ~ 60 
C M C  which can be explained with poorer reproducibility 
of the surface tension relaxation due to less developed 

50 micellar system. With increasing of the surfactant concen- b 
tration this deviation decreases, The largest deviation is 
found with capillary 3 which is of the smallest radius. 4o 

Inclined plate method 

This method is suitable only at low concentrations of 
Triton X-100 (until 5 x CMC) where the surface tension 
relaxation is relatively slow. The experimental results 
shown in Fig. 7 are part  of the data from Fig. 3 processed 
by Eq. (3.14) at constant surface area. The values of ~D and 
rM are of comparable magnitude which differ appreciably 
from the respective values obtained by the other two 
experimental methods. For example, the characteristic 
time of diffusion "CD is between 800 and 1080 ms whereas 
the characteristic time of demicellization rM is about  1000 
and 1390 ms, This difference can be attributed to the time 
scale of the experimental method which affects the numer- 
ical procedure. 

Maximum bubble pressure method 

The experimental results shown in Fig. 8 are processed by 
Eqs. (3.6) and (3.16). As one can expect, the calculated 
values of rD are comparable with these, obtained by the 
oscillating jet method because both methods are operating 

Fig. 7 Surface tension of micellar solutions of Triton X-100 mea- 
sured by the inclined plate. The concentrations shown in the legend 
are in times CMC. The solid lines are theoretical fits of the data 
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Fig. 8 Dynamic surface tension of micellar Triton X-100 measured 
by the maximum bubble pressure method. The concentrations shown 
in the legend are in times CMC. The solid lines are theoretical fits of 
the data accounting for the bubble area expansion 

at commensurable time scales. The characteristic time of 
diffusion ~D decreases with increasing of the concentration 
due to increased contribution of the free monomers  
(Fig. 9a). The characteristic time of micellization ra  also 
decreases with increasing of the concentration till 
20 x CMC, where rM reaches a minimum value. Above this 
concentration zM sharply increases to reach values from 0.5 
to 0.8 s, while rM measured by the oscillating jet increases 
insignificantly. The difference in rM measured by the two 
methods is discussed in the next section. 

There is one more parameter  of the data fits the 
Gibbs '  elasticity ~ plotted in Fig. 9b which results from 
the expansion of the bubble surface. Although the Gibbs'  
elasticity does not exhibit a pronounced concentration 
dependence it seems that it passes through a minimum at 
20 x CMC. The values of e are of right order of magnitude 
which can be proven by means of the equation [29] 

Rg r a  F2 (4.1) 
~"~D - ~ 1 , ~  1 ' 

where R~ = 8.314x 107 erg/mol. K is the universal gas 
constant, Ta = 297 K is the absolute temperature. The 
monomer  diffusivity of Triton X-100 is 10 -6 cm2/s [-8]. 
At rD ~ 10 -2 S and e ,~ 100 dyn/cm we calculated an equi- 
librium adsorption / ~  2.5x 10-1~  2 in accord 
with literature data f = 3 x 10 -1~ mol/cm 2 [8]. 

Discussion 

We have discussed the main experimental and theoretical 
results obtained by our investigation of the kinetics of 
surface tension of micellar Triton X-100 solutions. They 
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Fig. 9 Parameters  of the fit calculated theoretically f rom the experi- 
menta l  da ta  in Fig. 8 measured  by the m a x i m u m  bubble  pressure: 
a) character is t ic  t ime of diffusion zD and  characteris t ic  t ime of micel- 
l ization ZM; b) Gibb ' s  elasticity e. Er ror  bars represent  the devia t ion 
from the mean  of two successive measurements  

are a continuation of our previous studies on the same 
surfactant [2, 8, 10] which showed that it is a suitable 
model system for illustration of the effect of the micelles on 
the surface tension relaxation at wide concentration range. 
Here we apply simultaneously three experimental methods 
in order to receive reliable experimental data. In contrast 
to the approximate theories previously used to account for 
the micellization kinetics we utilize in this study a rigorous 
theoretical model adequately describing the particular 
experiments. 

Comparison of the experimental methods 

The chemical relaxation techniques [5-7] detect directly 
the variation of the surfactant concentration in the bulk of 

solution which decays exponentially with time if small 
perturbations from equilibrium are applied. Depending on 
the way of perturbation, these methods can give appreci- 
ably different values for the demicellization time constants 
for one and the same system [3]. The surface relaxation 
methods, although easier to perform, are less direct tools 
for studying the micellization kinetics, because the subsur- 
face concentration depends also on the transportation of 
surfactant species by diffusion and, hence, on the way the 
surface adsorption layer is perturbed. 

The usage of three experimental methods working at 
different time scales allowed to obtain a more comprehen- 
sive picture of the micellization kinetics. The experimental 
data should be as reliable as closer the time scales of the 
experimental method and that of the micellization process 
are. It is quite possible to obtain unlike values of the 
surface tension measured by the different methods in one 
and the same time interval. The reason is that the kinetics 
of the surface tension, being a non-equilibrium process, 
depends on characteristics of the particular experiment 
which cannot always be kept uniform, i.e., disturbance of 
the surface, e.g., rate of expansion of the air bubble surface 
[27], registration and calculation of the surface tension. 

Nevertheless, a good coincidence of the data from 
different methods was obtained, especially at intermediate 
surfactant concentrations, shown in Fig. 10 for 15 x CMC. 
The experimental points for the oscillating jet at very small 
times (up to several milliseconds) overlap with the points 
for the maximum bubble pressure at times about several 
hundred milliseconds, which then pass into the data for the 
inclined plate of the order of several seconds. The lack of 
good coincidence of the data measured by the three 
methods at smaller concentrations can be explained with 
the insufficient number of micelles in the bulk which makes 
them more sensitive to the way of perturbation. 

Fig. 10 Compar i son  of the surface tension measured  as a funct ion of 
t ime by three exper imental  methods .  The  surfactant  concen t ra t ion  is 
15 x C M C   0iio 
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For  the inclined plate the values of ~CD and zM differ 
appreciably from the respective values obtained by the 
other two experimental methods (oscillating jet and max- 
imum bubble pressure). The inclined plate detects the long 
time asymptotics of the surface tension, while the oscillat- 
ing jet gives the surface tension at very short times. This 
reflects the numerical fit of the data because we used the 
first experimental value of the surface tension, instead of 
the initial surface tension a0 (at t - ,  0) which is unknown 
experimentally. This overestimated the contribution of the 
long times for the inclined plate, where there are missing 
data for the high initial jump in the surface tension at small 
times. Such a jump can be detected only by the other two 
methods which ought to consider them as more realistic. 
From the other side, the kinetics of the surface tension at 
long or short times can in principal be determined by 
different micellization processes. For example, the slow 
process of micellization can prevail in the inclined plate 
experiments, while the fast process can do so in the oscil- 
lating jet and maximum bubble pressure experiments. 
However, it turned out that ZM, determined by the oscillat- 
ing jet and the maximum bubble pressure corresponds in 
fact to the characteristic time of the Slow process of micel- 
lization Zs, measured by bulk relaxation techniques (see 
the next subsection). At the same time the respective time 
of the fast process ZF is orders of magnitude less than Zs 
[12]. Therefore, the time constants measured by the in- 
clined plate may not correspond to a real process of 
micellization. Their larger values can be due to an artefact 
of the numerical fit of the data or to hydrodynamic flow in 
the plate canal and expansion of the adsorption layer not 
accounted for by the theory. 

Characteristic times of micellization 

Here we compare the numerical results for the time con- 
stant of micellizaiton TM, obtained by us, with literature 
data for the same surfactant (Triton X-100). In Fig. 11 is 
plotted the reverse micellization time 1/rM versus the rela- 
tive amount of surfactant aggregated in micelles 

8 - CMC 
0 - n - l ,  

CMC 

where ~ is the total Triton X-100 concentration. This plot 
of the data is suitable for their interpretation, based on the 
theory of Aniansson and Wall [5-7] for the kinetics of 
micellization in bulk surfactant solutions. These authors 
have derived expressions for the characteristic times of fast 
and slow relaxation, VF and Zs. The fast relaxation process 
is attributed to the release of several monomers by 
a micelle, which makes the micelle less stable. The slow 
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Fig. 11 Reverse miceIlization time plotted versus the relative amount 
of Triton X-100 aggregated in the micelles. The solid figures are our 
experimental data from Figs. 6 and 9a obtained by surface tension 
experiments. The empty figures represent literature data from such 
experiments. The lines are data obtained by bulk relaxation experi- 
ments (p-jump and T-jump) at 20 ~ [12] and 10 ~ [13] 

process is due to gradual disappearance of the micelles. 
Each one of these processes is described by a typical 
dependence of the respective time constant on 0. While the 
reverse time constant of fast relaxation VFI(0) increases 
linearly with 0, the reverse time of the slow process Ts 1 (0) 
depends in complicated way on 0 passing through a 
maximum and/or minimum. The respective expressions 
for the time constants are derived assuming small devi- 
ations from equilibrium, attained by the bulk relaxation 
techniques. The theory [5-7] is valid strictly only at 
surfactant concentrations near CMC. 

First, we discuss our data for the characteristic micel- 
lization time "CM plotted by solid figures. One can see from 
Fig. 1t that at low concentrations (0 < 15) the time con- 
stants ZM, obtained by two independent methods (oscillat- 
ing jet and maximum bubble pressure) are of one and the 
same order. With increasing of the concentration 1/ZM also 
increases in accordance with the literature data obtained 
by bulk relaxation methods: p-jump [12, 13] and T-jump 
[13]. Since at higher concentrations such data are missing 
in literature, one can only guess the magnitude of 1/'cM(0), 
extrapolating the known values to large 0. They are 
enough, however, to conclude that our ZM corresponds to 
the slow relaxation process of micellization because the 
time constant of the fast process is several orders of magni- 
tude smaller [12]. 

At higher concentrations the two methods give ap- 
preciably different values for ZM which can be explained 
by incompatibility of the methods when very fast relax- 
ation of the surface tension is studied. A transition from 
single bubbles to formation of couples of bubbles (bubble 
jets) can occur at very high bubbling frequencies [27]. This 
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can change in turn the rate of surface expansion, i.e., the 
way of creation of initially clean surface. In the oscillating 
jet this is a result of continuous refreshing of the surface 
leading to different initial adsorption of surfactant and 
different initial rate of surface expansion. 

The second reason for the observed difference in the 
values of ~M can be the procedure of processing the experi- 
mental data. The surface of the air bubble expands with 
different rates, while the surface adsorption layer of the jet 
does not change its area. The rate of bubble expansion is 
accepted to be constant in our theoretical model, because 
the evolution of the bubbles has not been recorded as in 
ref. [27]. This introduces a new parameter of the model, 
the Gibbs' elasticity s, which although realistic (see pre- 
vious section) can lead to increase of zM in the data fit 
(decrease of 1/Zg) compared to the oscillating jet. Another 
problem can be a different degree of deviation of the 
subsurface concentrations of the monomers and micelles 
from the equilibrium ones, important for the applicability 
of the theoretical models derived at small perturbations. 

This deviation seems rather large in the oscillating jet 
where, looking at unrealistically high initial values of the 
surface pressure, a completely clean surface should be 
reached at very small times. In the maximum bubble 
pressure there is a residual adsorption layer remaining 
after the previous bubble is blown which effectively de- 
creases the initial surface tension [27]. This difference can 
lead to smaller time constants zM measured by the oscillat- 
ing jet. 

We compare in Fig. 11 our data for the micellization 
time zM also with literature data obtained by surface relax- 
ation methods (open symbols). It is seen that our data 
measured by the maximum bubble pressure are in good 
agreement with the data of Geeraerts and Joos [8] ob- 
tained by the same method. Our values for the oscillating 
jet are of the same order as the values measured by inclined 
plate [1] and by maximum bubble pressure [2]. They were 
obtained, however, by fitting the experimental data with 
approximate models favoring only the initial stages of 
relaxation. 
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