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ARTICLE INFO ABSTRACT

Available online 18 August 2012 The stepwise thinning (stratification) of liquid films, which contain micelles of an ionic surfactant, depends on
the micelle aggregation number, N,g, and charge, Z. Vice versa, from the height of the step and the final film

Keywords: thickness one can determine N,g, Z, and the degree of micelle ionization. The determination of N,gg is based

Charge of surfactant micelles on the experimental fact that the step height is equal to the inverse cubic root of the micelle concentration. In

Micelle aggregation number addition, Z is determined from the final thickness of the film, which depends on the concentration of counterions

Degree of micelle ionization

- o dissociated from the micelles in the bulk. The method is applied to micellar solutions of six surfactants, both an-
Stepwise thinning of foam films

ionic and cationic: sodium dodecylsulfate (SDS), cetyl trimethylammonium bromide (CTAB), cetylpyridinium

stratification chloride (CPC), sodium laurylethersulfates with 1 and 3 ethylene oxide groups (SLES-1EO and SLES-3EO), and
potassium myristate. The method has the following advantages: (i) Nagg and Z are determined simultaneously,
from the same set of experimental data; (ii) N,g and Z are determined for each given surfactant concentration
(i.e. their concentration dependence is obtained), and (iii) N,gz and Z can be determined even for turbid solu-
tions, like those of carboxylates, where the micelles coexist with acid-soap crystallites, so that the application
of other methods is difficult. The results indicate that the micelles of greater aggregation number have a lower
degree of ionization, which can be explained with the effect of counterion binding. The proposed method is ap-
plicable to the concentration range, in which the films stratify and the micelles are spherical. This is satisfied for

numerous systems representing scientific and practical interest.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The stepwise thinning (stratification) of foam and emulsion films
containing surfactant micelles or spherical nanoparticles represents a
layer-by-layer thinning of an ordered particle structure inside the film
[1-5] and can be considered as a manifestation of the oscillatory structur-
al surface forces [6-10]. Knowing the particle size, concentration and in-
teractions, it is possible to predict the behavior of such films by means of
theoretical models [11-14] and computer simulations [15-20]. Detailed
reviews on thin film stratification were given in recent articles [21-23].

Here we focus on the inverse problem, viz. to obtain information
for the surfactant micelles from the stepwise thinning of liquid films.
In the case of nonionic micelles, the interpretation of the stratifica-
tion data with an appropriate hard-sphere model yields the micelle
aggregation number, Nag [21,24]. In the case of ionic surfactants,
the situation is more complicated because the electrostatic force be-
tween the charged micelles is soft and long-range [25,26], and the
height of the stratification steps, Ah, is considerably greater than
the micelle hydrodynamic diameter [23]. Fortunately, the experi-
ment and computer simulations provide a simple relation between
Ah and the micelle (particle) concentration [1,2,18,27-29], which
can be directly used for determining N,gg [23]; see Section 3 in the
present article. Extending the analysis in Ref. [23], here we demon-
strate that the degree of micelle ionization, «, can be determined
from the final film thickness, hoy, which is established at the end of
the stepwise thinning of the liquid film. In this final state, the film
contains (almost) no micelles, but its thickness is influenced by the
counterions dissociated from the micelles in the bulk, which increase
the Debye screening of the electrostatic repulsion and the osmotic
pressure of the bulk phase. Knowing the theoretical relationship be-
tween a and hg, one can determine o from the experimentally mea-
sured hg (Section 4). In this way, the micelle charge, Z= aN,gg, is also
determined.

The most widely used method for determining the micelle ionization
degree, , is by electrolytic conductivity, from the slope of the conductiv-
ity plot above the critical micellization concentration (CMC) [30-36].
Theoretical models for determining not only acbut also N, from the con-
ductivity data have been proposed [37-40]. & can be determined also
from the mass action law applied to the dependence of CMC on the coun-
terion concentration [41,42]; by measuring electromotive force (by ion
selective electrodes) [43-48]; by equilibrium dialysis [49]; from the os-
motic coefficient [50] and Krafft temperature [51]; by electrophoresis
and zeta-potential measurements [52-54], by chemical trapping of free
counterions [55] and electron paramagnetic resonance (EPR) spectrosco-
py [56]. In addition, the micelle aggregation number, N,g,, can be deter-
mined by light scattering [57]; fluorescence quenching [58-62] and
time-resolved fluorescence quenching [63-66]; EPR [66,67]; nuclear
magnetic resonance (NMR) spectroscopy [68,69]; small-angle X-ray scat-
tering (SAXS) [70], and small-angle neutron scattering (SANS) [66].

Depending on the used experimental method and model for data
interpretation, rather different values of o have been reported in the
literature for the same system. For example, for micelles of sodium
dodecylsulfate (SDS) a¢=0.14 was obtained by electromotive-force
measurements of the activity of Na™ ions [44], whereas = 0.54 was
determined from the dependence of CMC on the Na™ concentration
[41,42]. Low values, «=0.05 for SDS micelles, and 0.08 for cetyl-
pyridinium chloride (CPC) micelles, were obtained by theoretical anal-
ysis of data for the solutions’ osmotic pressure [71]. In other words, the
problem is how to determine the true value of o

Additional difficulty is related to the fact that both Zand N, (and
their ratio ) depend on the concentration of the ionic surfactant and
added salt; see e.g. [72]. In other words, the values of Z, N,g; and
have to be determined at each given surfactant and salt concentra-
tions. From this viewpoint, methods for determining o« from the
slope of experimental plots of data for conductivity vs. surfactant
concentration [23] or of the critical micellization concentration

(CMC) vs. counterion concentration [41,42] can give only a mean
(effective) value of a.

The method proposed here allows determination of both Nage and a
at each given surfactant concentration from the experimental depen-
dence of the film thickness, h, on time, t, for stratifying films from
ionic surfactant solutions. The theoretical interpretation of the experi-
mental data is physically transparent and has been already tested in
our previous study [23]. The proposed method is quite different from
the aforementioned methods and may help in establishing reliable
values of N,gg, Z and « for the micelles of ionic surfactants.

2. Experimental section
2.1. Materials

In our experiments, foam films were formed from micellar solutions
of three surfactants. The first two of them are sodium laurylethersulfates
with 1 and 3 ethylene oxide groups denoted, respectively, SLES-1EO and
SLES-3EO. They are products of Stepan Co. with commercial names
STEOL CS-170 and STEOL CS-330, and molecular masses 332.4 and
420.5 g/mol. Their critical micellization concentrations (CMC) measured
by both surface tension and electrolytic conductivity are, respectively,
0.7 and 0.5 mM at 25 °C [73,74].

The third surfactant is potassium tetradecanoate (myristate), denot-
ed KMy, product of Viva Co., of molecular mass 266.46 g/mol and
CMC=10 mM at 25 °C [75]. The experiments were carried out at the
solution's natural pH, at which the KMy micelles coexist with crystal-
lites of 1:1 acid soap [75]. Because the crystallites are much larger
than the micelles, they dominate the light scattering from the KMy
solutions, so that determination of the micelle size and aggregation
number by light-scattering is impossible. In thinning liquid films, the
crystallites are carried away by the hydrodynamic flow, whereas the
KMy micelles give rise to a stepwise thinning of the films (see below).

Here, we analyze also data from our previous paper [23] for three
other surfactants: sodium dodecyl sulfate (SDS, anionic; molecular mass
288.38 g/mol; product of Across Organics); cetyl trimethylammonium
bromide (CTAB, cationic; molecular mass 364.45 g/mol; product of
Sigma) and cetylpyridinium chloride (CPC, cationic; molecular mass
339.99 g/mol; product of Sigma).

All experiments have been performed at a temperature of 25 °C.
Inorganic salts (e.g. NaCl) have not been added, because they sup-
press the film stratification (at sufficiently high concentrations).

2.2. Experimental method

The film thickness, h, vs. time, t, was measured by means of the
Scheludko-Exerowa (SE) cell [76,77] in reflected monochromatic
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Fig. 1. The SE cell [76,77] represents a cylindrical glass capillary (of inner radius R=
1.5 mm), which is filled with the working solution. A portion of the liquid is sucked out
from the cell through the orifice in the wall. In the central part of the cell, a liquid film
of radius r. is formed, which is encircled by a Plateau border; h is the film thickness.
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light of wavelength 546 nm; see Fig. 1. The investigated solution is
loaded in a cylindrical capillary through an orifice in its wall. Thus, a
biconcave drop is formed inside the capillary. Next, liquid is sucked
through the orifice and the two menisci approach each other until a
liquid film is formed in the central part of the cell. By injecting or
sucking liquid through the orifice, one can vary the radius of the
formed film. Its thickness can be measured by means of an interfero-
metric method [2,77,78]. For this purpose, the light reflected from the
film is registered by a photomultiplier and computer, and the film
thickness is recorded in the course of the experiment. The SE cell is
placed in a closed container, so that the water vapor is equilibrated
with the solution, and evaporation from the film is prevented. Details
on the used experimental method can be found in Ref. [2,21].
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Fig. 2. Experimental time dependence, h(t), of the equivalent water thickness of foam
films in a SE cell: (a) 50 mM and 60 mM SLES-1EO; (b) 50 mM and 100 mM SLES-3EO;
(c) 50 mM and 100 mM KMy; hy, is the thicknesses of the metastable state with k mi-
cellar layers inside the film; k=0, 1, 2, ....

The foam films from the investigated micellar solutions exhibit
stepwise thinning; see Fig. 2. Experimentally, it is realized by the
appearance and expansion of darker spots (of smaller thickness) in
the film [4]. The microscope diaphragm is almost closed, so that
the light reflected from a small part of the film is supplied to the
photomultiplier. The passing of the border of an expanding spot
through the observation field is registered as a step (Fig. 2). Each
step corresponds to a metastable state of the film that contains a
given number of micellar layers inside the film [1-5], as illustrated
in Fig. 3. The thicknesses of the films that contain 1, 2, 3, ... layers of
micelles are denoted by hy, hy, hs, etc. The thickness of the final
state of the film will be denoted by ho. In this state, the film does
not contain micellar layers, but it may contain isolated micelles if its
thickness is greater than the micelle diameter [23].

The inner radius of the used SE cell was R=1.5 mm (Fig. 1). The
typical radius of the formed foam films is r.~0.1 mm. Under such
conditions, the sucking capillary pressure applied to the SE cell can
be estimated as P.~20/R, where o is the solution's surface tension.
Table 1 summarizes the experimental values of CMC; the values of
o at CMC (which are almost constant in the experimental concentra-
tion range > CMC); the estimated values of P, and the summary thick-
ness of the two surfactant adsorption layers, h,, for the 6 investigated
surfactants. The value of h, equals the doubled length of the extended
surfactant molecule, including the diameter of the hydrated counter-
ion (Fig. 3), and is obtained by molecular-size considerations, in the
same way, in which the micelle diameter was estimated in Ref. [23].
The data in Table 1 will be used to analyze theoretically the obtained
experimental results.

2.3. Experimental results

Fig. 2 shows typical experimental curves for the step-wise thin-
ning of foam films formed from micellar solutions of SLES-1EO,
SLES-3EO and KMy. At higher surfactant concentrations, more step-
wise transitions are observed. The data indicate that the height of
the steps, Ah, is practically the same at a given surfactant concen-
tration, i.e. hy —hp=hy; —hy=h3 —hy=...=Ah. In general, Ah de-
creases with the rise of the total input surfactant concentration, cs.
As mentioned above, in the case of KMy, the solutions contain crystal-
lites of acid soap, coexisting with the micelles [75]. During the film
thinning, the crystallites were driven away by the hydrodynamic
flow and after that one or two stepwise transitions in the film thick-
ness were observed.

The data for the experimental step height Ah and final film thick-
ness hgy, measured at different surfactant concentrations c, are

e counterion
ons surfactant ion

Fig. 3. Osmotic equilibrium between the film and Plateau border: because the osmotic
pressure of the micelles (dominated by the dissociated counterions) is much greater
than the capillary pressure, the concentrations of micelles in the film and Plateau bor-
der must be (approximately) equal.
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Table 1
Values of CMC, of the respective surface tension, ocyc; of the capillary pressure P, and
total thickness of the two adsorption layers at the film surfaces, h,.

Surfactant CMC (mM) Ocme (mN/m) P. (Pa) h, (nm)
SDS 8 39 52 5.26
CTAB 0.9 37 49 6.40
CPC 0.9 42 56 6.50
SLES-1EO 0.7 33 44 5.64
SLES-3EO 0.5 33 44 6.40
KMy 10 33 44 5.21

summarized in Table 2. Each value in this table is the average for at
least 25 experiments with separate foam films.

In general, Ah is considerably greater than the hydrodynamic di-
ameter of the micelle, dy, which is practically equal to h, (Fig. 3) —
compare the values of h, and Ah in Tables 1 and 2. For example, at
50 mM KMy, Ah=15nm (Table 2), whereas dy=~h,~5.2 nm
(Table 1). The difference between Ah and dy; is due to the electrostatic
repulsion between the micelles, which results in a greater effective
size of the micelles [2,23].

The final film thickness, ho, is also greater than dy= h,: compare
Tables 1 and 2. Hence, in principle it is possible for isolated micelles
to penetrate in the final film of thickness ho. From the values of Ah
and hg in Table 2, we determine the micelle aggregation number,
Nagg, and charge, Z, as explained in Sections 3 and 4.

Table 2
Experimental step height Ah and final film thickness hq vs. the surfactant concentration
Cs-

Concentration, Step height, Final thickness,
¢s (mM) Ah (nm) ho (nm)
SDS?

30 15.3 22.2
40 14.7 18.6
50 13.7 173
100 10.6 135
CTAB?

10 25.8 46.8
20 21.8 343
30 19.9 28.2
40 18.0 25.2
50 16.6 223
cpc?

10 21.2 41.7
20 18.7 30.6
30 16.6 25.7
40 15.8 22.7
50 14.6 20.8
SLES-1EO

40 14.2 20.5
50 134 183
60 13.0 16.4
SLES-3EO

30 13.7 20.0
40 12.6 19.1
50 122 17.6
100 10.0 13.8
KMy

50 15.0 20.0
100 11.6 14.2

2 Data from Ref. [23].

3. Determination of N, from the experimental value of Ah
3.1. The inverse-cubic-root law: experiments and computer modeling

First, Nikolov et al. [1,2] established experimentally that the mea-
sured values of Ah for micellar solutions of the anionic surfactant SDS
are practically equal to the average distance, §=c, /3, between two
micelles in the bulk of solution, viz.

_ —-1/3
Ahmd=c, VP = (%) . (1)
agg

Here, c,, is the number of micelles (charged particles) per unit vol-
ume of the solution (suspension); ¢; and CMC are the total input sur-
factant concentration and the critical micellization concentration
expressed as number of molecules per unit volume; as usual, Ngg is
the mean micelle aggregation number.

Subsequently, the inverse-cubic-root law, Ah o< ¢, /3, was obtained
by Jonsson et al. [79] by Monte Carlo (MC) simulations and density-
functional-theory (DFT) calculations for charged macromolecules
(spherical macroions) confined between two plane-parallel walls.
In this case, Ah refers to the period of the calculated disjoining
pressure. In the case of polyelectrolytes, the Ahecc, '/ law refers to
coil (quasi-spherical) conformations. In the case of extended polyelec-
trolyte chains, another law, Ahocc, ', has been experimentally
established [80-82].

By using colloidal probe atomic force microscope (CP-AFM), Piech
and Walz [27] found out that the period of the measured oscillatory
force across a film from suspension of 22 nm sized charged silica particles
obeys the Ah=c¢, '* empirical law. In the case of polyelectrolyte coils,
these authors found Ahocc, ' in the dilute regime, and Ahecc, 2 in
the semi-dilute regime (overlapping polymer chains). The dependence
Ah=c, ' was confirmed in subsequent experiments with both charged
silica spheres and SDS micelles by Walz et al. [28]. More precisely Ah=
ac, ' with a=0.86 was obtained using a specific set of experimental
data for the N,g¢ of SDS obtained by a fluorescence quenching method
[72].

Note that in the case of micelles, ¢, is not an input parameter (as
for particles) but it is calculated from c, at a given N,gg; see Eq. (1).
In general, N,g, is not constant — it increases with the concentration
of ionic surfactant. In all cases, N,gg is calculated from experimental
data using a theoretical model related to the specific experimental
method. Depending on the used method and model, the obtained
values of N,g for the same system vary in a certain range (see
below). So, if ¢, is calculated from Eq. (1) for micellar solutions
using data for N,g from different sources, the difference between
the curves with a=0.86 and a=1 in Fig. 5 of Ref. [28] would fall
into the range of scattering of the calculated c,. The law Ah=c, '
should be valid not only for charged solid particles, but also for
ionic surfactant micelles (as far as they are also charged particles), if
the correct values of N,g, are used to calculate c, from Eq. (1).

In a series of papers, Klapp et al. [16-20,29,83] investigated theo-
retically and experimentally the oscillatory surface forces due to the
confinement of suspensions of charged nanoparticles between two
solid surfaces in relation to the characteristic distance between the
particles in the bulk. In Ref. [17], the bulk suspension was described
theoretically by using the integral equations of statistical mechanics
in the frame of the hypernetted chain (HNC) approximation, whereas
the bulk structure factor was experimentally determined by small
angle neutron scattering (SANS). In addition, the surface force of the
film was calculated by MC simulations and measured by CP-AFM. In
both cases (bulk suspension and thin film) excellent agreement be-
tween theory and experiment was established and the obtained
data for the characteristic spatial period obey the Ahocc, /2 law. At
higher ionic strengths, deviations from the above law were observed
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[17]. Agreement between theory and experiment was obtained also
in Ref. [16,18], where the results from the DFT and MC calculations
were compared with CP-AFM and SANS results, and it was established
that the Ahocc, '3 law is fulfilled for ionic strengths <103 M due
to added salt. At I>103 M, the force oscillations were found to es-
sentially disappear [18].

If the experimental and calculated data are plotted vs. the particle vol-
ume fraction, ¢, then different Ah vs. ¢ curves are obtained for different
values of the particle radius R [83]. Note that ¢, '*= (41/3)'*R¢ P~
1.612 Rp~ 2. In Ref. [29], it was demonstrated that the data obtained
at various R collapse onto a single master curve, Ah=c, '3, if they are
plotted vs. cp, rather than vs. ¢. This is illustrated in Fig. 4, where data
from Ref. [29] for three different particle diameters, 11, 16 and 26 nm,
are plotted. The data for the period of the bulk structure factor, measured
by small angle X-ray scattering (SAXS), and for the period of the oscilla-
tory surface force in a film, measured with CP-AFM, are complying with
the same Ah=c¢, "> dependence (Fig. 4). This once again confirms the
coincidence of the film step height Ah with the mean distance between
the charged particles (micelles) in the bulk.

In summary, the validity of the Ah =, '/* law has been experimen-
tally established in a series of studies by different methods: with thin
foam films using the SE cell [1,2]; by CP-AFM measurements supported
by SANS and SAXS experiments [16-19,27-29,83]. In addition, the
Ah=c, Y 3 dependence has been theoretically predicted by the density
functional calculations and MC simulations [16-20,29,79,83]. This law is
satisfied in a wide range of particle concentrations (Fig. 4). Its validity is
limited at low and high particle concentrations, characterized by the
effective particle volume fraction (particle + counterion atmosphere)
[29]. The decrease of the effective particle volume fraction can be exper-
imentally accomplished not only by dilution, but also by addition of
electrolyte that leads to shrinking of the counterion atmosphere.

In the other limit, the violation of the Ah=c¢, '/* law at higher
charged-particle concentrations is related to the appearance of a
freezing transition in suspensions sandwiched between two walls,
that has been established by MC simulations [20]. Such a deviation
at high concentrations was experimentally detected in CP-AFM ex-
periments with silica-particle suspensions [28]. After the addition of
some amount of electrolyte (KNO3), the data for the same concentrat-
ed suspensions again comply with the Ah=c, '/ law. This can be
explained with the fact that the added electrolyte has shrunk the
counterion atmospheres and decreased the effective volume fraction
of the charged particles below the freezing transition threshold [20].

In conclusion, the Ah = ¢, ® law is fulfilled in a wide range of particle
concentrations (Fig. 4) that coincides with the range where stratification
(step-wise thinning) of free liquid films formed from particle suspension
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-1/3
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Fig. 4. Illustration of the inverse-cubic-root law, Ah=c, '3, with experimental data
from Fig. 4 in Ref. [29] for suspensions from charged silica particles of diameters 11,
16 and 26 nm. The full symbols are data for the spatial period of the bulk structure fac-
tor measured by SAXS; the empty symbols are data for the period of the structural sur-
face force measured by CP-AFM.

and micellar solution is observed [23]. Consequently, Eq. (1) can be used
to determine the aggregation number of the micelles of an ionic surfac-
tant, N,gg, from the measured stratification height steps, Ah [23]:

Nige = (€;—CMO)(Ah)’. (2)

In Eq. (2), cs and CMC have to be expressed as number of mole-
cules per unit volume. Comparison of the values of N,4, determined
from Eq. (2) with the values obtained by other methods is given in
Section 3.3.

3.2. Interpretation of the inverse-cubic-root law

The fact that a=1 in the law Ah =ac, '® was established by both
experimental measurements and computer modeling [18,23,28,29];
see e.g. Fig. 4. Hence, one can conclude that in the concentration
range where this law is fulfilled, the particles near a wall, or between
two walls, are located in layers parallel to the wall and separated at an
average layer-to-layer distance equal to ¢, /3. Inside such a layer, the
particles have no lateral ordering. Indeed, as established by MC simu-
lations [20], the lateral ordering appears at relatively high particle
volume fractions, e.g. ¢>0.56, which is at the upper limit of validity
of the Ah=c¢, ' law.

An interpretation of the Ah=c, ! relation as an osmotic-
pressure balance between the film and the bulk was given in Ref. [23].
Because of the large number of dissociated counterions, the micelles
(the charged particles) give a considerable contribution to the os-
motic pressure. The disjoining pressure is approximately equal to the
difference between the osmotic pressures in the film and in the bulk:
TT~ Pysim(h) — Posm(). (In first approximation, the van der Waals
component of TT can be neglected for equilibrium films containing
charged particles or micelles.) Under typical experimental condi-
tions, I'Tis a small difference between two much greater quantities, i.e.
Posm(h) = Posm (). In other words, the osmotic pressures of the micelles
in the film and in the bulk are approximately equal, and consequently,
the respective average micelle concentrations in the film and in the
bulk have to be practically the same (Fig. 3). Note that this osmotic-
pressure interpretation essentially uses the presence of macroions
with numerous dissociated counterions. This situation is rather differ-
ent from the case of non-charged molecules considered by Raman
[84], who obtained Ah=0.554 ¢, '/ for the average distance between
two molecules in an ideal gas of number density c,.

Experimentally, Ah is considerably greater than the diameter of the
particle (micelle), itself; see e.g. Section 2.3 and Fig. 4. Ah can be consid-
ered as an effective diameter of the charged particle, deg, Which includes
its counterion atmosphere. A semiempirical expression for calculating
Ah was proposed in Ref. [23]:

B 3 0° 3ug(\] 2,17
deffZR{l-&-(ZRPZ_];jl—eXp(— klr ﬂr dr} 3)

where R is the radius of the particle (micelle) itself (without the coun-
terion atmosphere); k is the Boltzmann constant; T is the absolute tem-
perature, and ue(r) is the energy of electrostatic interaction of two
particles in the suspension (of two micelles in the solution). The empir-
ical factor 3 before u accounts for the presence of several nearest
neighbors of a given particle. (In Ref. [23] this factor is missing because
of a misprint, but it has been used in the computations reported
therein.) It has been proven that the interaction energy ue(r) can be
calculated from the expression [23]:

Ug (1) roqe 2
e [ur/2)] (@)

where s(r) is the distribution of the electrostatic potential around a
single particle in the suspension; L =e?/(4neyekT) is the Bjerrum length
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(Lg=0.72 nm for water at 25 °C); & is the permittivity of vacuum,; ¢ is
the dielectric constant of the solvent (water); e is the elementary
charge. Eq. (4) reduces the two-particle problem to the single-particle
problem.

Coincidence between deg calculated from Egs. (3), (4) and Ah
measured for stratifying films has been established [23], if ys(r) is cal-
culated by using the jellium approximation. In the framework of this ap-
proximation, which has been introduced in the theory of charged
particle suspensions by Beresford-Smith et al. [85,86], the electric field
around a given particle is calculated by assuming Boltzmann distribu-
tion of the small ions around the macroion, but uniform distribution of
the macroions (particles). In other words, only the small ions take
part in the Debye screening of the electric field of a given particle in
the suspension. The jellium approximation leads to the following ex-
pression for the Debye screening parameter, :

2¢* 1
K2 = GoekT ([ + jZcp> (5)
where Z is the charge of the macroions (in e units) and I is the ionic
strength due to the background electrolyte. For micellar solutions,
I=CMC+ concentration of added salt (if any). Eq. (5) is widely
used in the theory of charged particle suspensions and micellar solu-
tions [17,87,88].

In Ref. [23], it was established that in the concentration range where
stratifying films are observed, deg=c, /> = Ah, where d.f s calculated
from Eqgs. (3) and (4) and Ah is experimentally determined from the
stratification steps, like those in Fig. 2. In contrast, for deg<cp 173 the
foam films do not stratify and the oscillations of disjoining pressure
vanish.

3.3. Results for Nogg and discussion

Table 3 shows the values of N,g,, calculated from the data for Ah in
Table 2 using Eq. (2). The third column of Table 3 indicates that the
obtained values of N,g, compare well with results obtained by other
authors using other methods. At the best of our knowledge, here
Nagg is determined for the first time for KMy.

Despite the large value, N, = 135 at 50 mM CTAB, the respective
micelles are still spherical (rather than elongated). This has been
established by direct observations by cryo-TEM [89]. This can be also
confirmed by molecular-packing considerations. Indeed, the maximal
radius of the micelle at the level of the headgroups is equal to the length
of the extended CTAB molecule, Ry =2.85 nm. The respective maximal
surface area is 4nRE=102.1 nm> By molecular-size considerations,
one can obtain 0.38 nm? for the cross-sectional area of a CTAB head-
group [90]. Dividing the maximal surface area to the minimal area per
headgroup, we calculate that the maximal possible aggregation number
for a spherical micelle is Nagg max~269. The greatest value N,ge =140
for CTAB in Table 3 is smaller than 269, and consequently the respective
micelles can be spherical. (In the opposite case, the micelles should be
non-spherical.)

The spherical shape of the CTAB micelles is supported by the addi-
tional fact that at c;=50 mM (and at all other studied concentrations),
the heights of the steps are equal: Ah;=Ahy,=Ahs=Ah,, where
Ah,=h,—h,_1, n=1, ..., 4. If the micelles were elongated, then Ah,
would be smaller for the smaller n, as indicated by the experiment [24].

The values of N,gs for SLES-1EO, SLES-3EO and KMy in Table 3 seem
reasonable. Indeed, the surfactant with the largest headgroup, SLES-3EO,
has the smallest N,g,, whereas the surfactant with the smallest head-
group, KMy, has the greatest N,ge. In addition, SLES-1EO has a slightly
greater N,ge than SDS (Table 3). This could be explained with the fact
that SLES-1EO has almost the same headgroup cross-sectional area as
SDS, but its molecule is longer and the respective micelle surface area
is greater, so that it can accommodate more headgroups than SDS. The
bigger headgroup of SLES-3EO leads to smaller N,q; as compared to
SLES-1EO.

Table 3
Nagg, @ and Z determined from the values of Ah and hy in Table 2.
Cs Aggregation number lonization degree Charge*®
(mM) Nagg from  N,ge from afrom  «from z
Eq. (2) literature Section 4 literature (e units)
SDS
30 48 50 [72], 55 [91], 0.46 - 22
59 [92]
40 61 60 [59], 62 [93], 0.55 - 33
64 [92]
50 65 64 [38,72,92], 0.53 0.50 [54], 35
65 [94] 0.54 [41,42]
100 65 65 [58], 70 [72], 0.56 - 37
73 [94]
CTAB
10 95 88 [58], 92 [95], 0.20 0.19 [98], 19
95 [64,96], 98 [97] 0.22 [30,99,100]
20 119 - 0.23 0.23 [51], 27
0.24 [21,99]
30 137 100 [96] 0.26 0.25 [55,101] 35
40 136 - 0.26 0.28 [34] 35
50 135 139 [102], 140 [96] 0.29 0.29 [97,103], 40
0.32 [36],0.34 [35]
CcPC
10 52 45-90 [104], 56 [40] 0.30 - 15
20 75 78 [23] 0.32 - 24
30 80 82 [97] 0.35 - 28
40 93 - 0.36 - 33
50 93 87 [71] 0.37 0.37 [97],0.44 [40] 34
SLES-1EO
40 67 - 0.44 . 29
50 71 - 0.48 - 34
60 79 - 0.54 - 42
SLES-3EO
30 46 42 [62] 0.71 0.70 [61] 33
40 47 - 0.61 - 29
50 54 - 0.62 - 33
100 61 - 0.70 - 42
KMy
50 82 - 0.33 - 27
100 84 - 0.46 - 39

¢ The values of Z= aN,g, correspond to N,z from Eq. (2) and « from Section 4.

The proposed method for determining N,gg is applicable to all
surfactant concentrations at which the foam films stratify and the
ionic micelles are spherical. For non-spherical micelles, the conditions
Ah, = Ah=const. and Ah = ¢, '® could be violated [24].

4. Determination of « and Z from the experimental value of hg
4.1. Basic equations

The following procedure for determination of v and Z was used.
(i) The experimental value of the final film thickness, hg exp is measured
by the SE cell (Section 2). (ii) The theoretical dependence of the final
film thickness on the degree of micelle ionization, ho(c), is calculated
(see below). (iii) From the equation ho( ) = hg exp, the degree of micelle
ionization, ¢, is determined. (iv) Finally, the micelle charge is Z= aN,gq.

Physically, hy depends on « because the counterions dissociated
from the micelles in the bulk increase the Debye screening of the elec-
trostatic repulsion and increase the osmotic pressure of the bulk
phase, which leads to a decrease of the film thickness ho with the
rise of micelle ionization, c.

The key step in the above procedure is to accurately calculate the
theoretical dependence ho(cx). This dependence is obtained from the
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equation:
I(hg, ) = P. (6)

Here, I'T is the disjoining pressure of the foam film in its final state,
which depends on the film thickness, ho, and on the degree of micelle
ionization, . Eq. (6) expresses a condition for mechanical equilibri-
um of the liquid film stating that the disjoining pressure must be
equal to the capillary pressure of the adjacent meniscus P. [105]. For
the investigated systems, the values of P, are given in Table 1. At
known dependence I'1(ho, &) and given P, Eq. (6) allows one to calcu-
late hg at each given value of . The respective dependence ho(«) is
obtained by numerical solution of Eq. (6).

In accordance with the theory by Derjaguin, Landau, Verwey and
Overbeek (DLVO) [106,107], T can be expressed as a sum of compo-
nents originating from the van der Waals and electrostatic (double
layer) surface forces:

[I(h, @) = Ty (h) + e (h, ). )

The depletion interaction due to the micelles in the Plateau border
is taken into account in Il (see below). The van der Waals compo-
nent can be accurately calculated from the equation

Alh)

va(h) = W

8

The Hamaker parameter A(h) depends on the film thickness, h, be-
cause of the electromagnetic retardation effect, as follows [108]:

h nz —1 2 . 1+2f12 N
343;28 (Slevw+ 1))3/2 0 (<1 + 2z2))2 EXP(—th) "

A= 2KhA; exp(—2kh) +
9

Here, hp=6.63x1073%J-s is the Plank constant; ve=3x10'> Hz
is the main electronic absorption frequency; n,, = 1.333 is the refrac-
tive index of water; co = 3.0 x 108 m/s is the speed of light in vacuum;
ﬁEZHVEhnW (nﬁ, + 1)1/2/c0 is a dimensionless thickness; z is an inte-
gration variable; and Ao is the “zero-frequency” contribution to
A(h). In our case, the contribution of the term with Ay is negligible be-
cause the orientation and induction interactions are screened by the
electrolyte [9], which is taken into account by the factor exp(— 2xh)
in Eq. (9).

The electrostatic component of disjoining pressure equals the dif-
ference between the osmotic pressures in the midplane of the film
and in the bulk solution [106-109]:

I = (Posm)midplane_(Posm)bulk' (10)

The bulk osmotic pressure can be estimated from the expression:
(Posm)buik = KT |2(c1 + ¢3) + (Z + ])Cp]' (11)

As usual, Z= aN,4g, Where N,g, is given in Table 3; the first term in
the brackets in Eq. (11) expresses the contribution of the background
electrolyte: c; is the concentration of surfactant monomers, cs is the
concentration of added electrolyte, and the multiplier 2 accounts for
their counterions. The second term in the brackets is the contribution
of the micelles (cp) and of the counterions dissociated from them (Zcp).

As already mentioned, the film thickness hy is large enough for the
micelles to enter the film, i.e. hg—h,>h,, see Tables 1 and 2, and
Fig. 5. However, the concentration of micelles in the film is very low, be-
cause they experience a strong electrostatic repulsion from the
like-charged film surfaces. In Ref. [23], we carried out calculations
using two versions of the model: with and without micelles in the

Fig. 5. The final state of the film with thickness ho, which is affected by the concentra-
tion of counterions dissociated from the micelles in the Plateau border. Isolated mi-
celles can be present in the film, but their concentration is rather low because they
experience a strong electrostatic repulsion from the film surfaces.

final film. The results showed that the model corresponding to Fig. 5
gives a better agreement with the experiment. For this reason, here
we are using the latter model, which leads to the following expression
for the osmotic pressure in the film's midplane:

(l)m — (l)m (l)m —7 (bm
(Posm)midplane = kT{(q + c3)(e +e ) +Zc,e ™ +cpe ] (12)

dpy, =elPm|/(KT) is the dimensionless electrostatic potential in the
midplane of the film; s, is the respective dimensional potential. The
Poisson-Boltzmann equation for the film (Fig. 5) can be presented in
the form:

2
‘37? = 47l [2(c1 +¢3) sinhd> + Zc,, (e"’—e‘z“’)] . (13)

Here, & =e|ys|/(kT) is the dimensionless electrostatic potential;
the x-axis is perpendicular to the film surfaces and x =0 corresponds
to the midplane. To take a first integral, we multiply Eq. (13) by 2dd/dx
and integrate from x =0 to an arbitrary x:

(‘3—?) ’ = 8nLgF(P, Py,) (14)

F(®,d,)=2(c; + ¢3)( coshd— coshdy,) + Zc, <e"’—e‘b“‘)
+¢ (efz(')—efz‘l’"’> . (15)

In Eq. (14), the boundary condition (d®/dx),—o=0 has been
used. Furthermore, we take square root of Eq. (14) and integrate
from the midplane x=0 to the film surface at x="h/2:

(])S
(2nLy) R = [ [F(b, Dy~ 2db (16)

([)m

where h = h—h, is the thickness of the aqueous core of the film; h is
the full film thickness, including the two surfactant adsorption layers,
each of them of thickness h,/2, see Table 1; d; is the dimensionless
electrostatic potential at the film surface.
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4.2. Determination of &

The electric potential at the film surfaces, ds, can be determined in
two ways. First, &, can be determined from the equation [23]:

r

1 1/2
T scenpt, )] a

2nL

C, is the counterion concentration. The left-hand side of Eq. (17)
represents the film surface charge density expressed through the
Stern equation of counterion binding, whereas the right-hand side
of Eq. (17) represents the same quantity expressed through the
Gouy equation for the film, which relates the surface charge with
the surface potential; vy, is the activity coefficient; for details see
[23]. The adsorption at CMC, I';, and the Stern constant, Ks;, have
been determined from fits of surface-tension isotherms. The values
of Ks; are 0.653, 7.45 and 5.93 M~!, respectively, for SDS, CTAB and
CPC; see Refs. [23,90,110-112]. Note that the effect of counterion
binding to the surfactant headgroups at the film surface is taken
into account by the term with Ks; in Eq. (17). Solving numerically
Eq. (6), along with Eqgs. (7)-(12) and (15)-(17), we can determine
the dependence hy(c).

In Ref. [23], the dependence «(cs) was calculated by solving the
problem about the distribution of the electric potential around a micelle
in the bulk of solution in the framework of the jellium approximation.
The calculated ho(c(cs)) dependence is in excellent agreement with
the experimental hg-vs. -cs data without using any adjustable parame-
ters. The latter fact confirms the correctness of the used theoretical
model.

The calculations for SDS, CTAB and CPC [23] indicated that the the-
oretical dependence ho(«) is not so sensitive to the value of the film
surface potential, .. The above theoretical model predicts not only
ho(a), but also ds(a). Typical calculated curves dg(cr) are shown in
Fig. 7. One sees that & is not too sensitive to the variation of a. All
these facts allow us to considerably simplify the procedure. Indeed,
instead of using Eq. (17), we can substitute a constant value:

D, =55 (18)

This is an average value for all investigated ionic surfactants that cor-
responds to |s| =141.4 mV, which is a typical value for the surface
potential of ionic surfactant solutions. (At 25 °C, the scaling factor is
kT/e ~25.7 mV.) For comparison, the maximal surface potential of
SDS adsorption layers at an air/water interface is |5 <180 mV at
2 mM SDS, but at higher SDS concentrations, |Jss| decreases because

40 + t 3 } 3 + t t }
Theoretical dependence

(2]
(]
|
1

(23
o
'
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Fig. 6. Plot of the final film thickness, ho, vs. the degree of micelle ionization, . The
solid line represents the theoretical dependence ho(c) calculated as explained in the
text. Using the experimental value hgex, from Table 2, we determine the respective
value of a as shown in the figure. The illustrative example is for 50 mM SLES-3EO,
for which the values =0.62 and Z= aN,g; = 33 are obtained.

of the increased concentration of binding Na™ counterions; see e.g.
Fig. 6a in Ref. [111].

The procedure of calculations is as follows. At a given « and con-
centrations ¢y, ¢s and ¢p, we calculate Il (Py,) from Egs. (10)-(12).
Next, from Egs. (15) and (16) we calculate the dependence h(dy,),
where @y is determined from either Eq. (17) or (18). Thus, we obtain
the dependence Il (h) in a parametric form: Ile;=11e(P,) and h=
h(®Py,). Furthermore, IT=T1 + I,y is calculated using Egs. (8) and
(9). By variation of &, we find the value of this parameter for
which IT=P,, i.e. Eq. (6) is satisfied. The respective value of h=hg
is plotted as a function of «; see Fig. 6. Finally, from the experimental
thickness of the final film, hg exp, we determine the respective value of
« as illustrated in Fig. 6.

Results for v and Z calculated using alternatively Eq. (17) or (18)
are shown in Table 4. One sees that the two approaches give very
close results, the greatest differences being at the highest concentra-
tions. The use of Eq. (18) leads to a considerable simplification of the
procedure for determining o and Z not only because Eq. (18) is much
simpler than Eq. (17), but also because it is not necessary to deter-
mine Ks; and I't in Eq. (17) from fits of additional data for the surface
tension of the respective surfactant solutions. Thus, Eq. (18) enables
one to determine « and Z only from the data for stratifying films
(see Fig. 2).

As an additional verification of the correctness of the theoretical
model and of the obtained values of «, we compared the theoretical
disjoining pressure isotherm I'l(h) with the experimental I1(h) iso-
therm independently measured by means of the Mysels-Jones
porous-plate cell [113], known also as thin film pressure balance
(TFPB). Additional information on this method can be found in Refs.
[21,114]. The theoretical I'1(h) dependencies (the solid lines in Fig. 8)
are calculated from Eqgs. (7)-(12) and (15)-(17) with the values of Z
from the fourth column of Table 4 calculated using Eq. (17) (the Stern
counterion binding model). Fig. 8 illustrates the agreement between
theory and experiment for the investigated SDS solutions at concen-
trations 30, 40, 50 and 100 mM. The horizontal error bars reflect the
scattering of the experimental data for the film thickness h, which are
most probably due to small variations in the applied sucking pressure.
The scattering is the smallest for the thinnest film at 100 mM SDS. In
all cases, the theoretical curves comply very well with the experimental
data (Fig. 8); no adjustable parameters have been used. This agreement
confirms not only the adequacy of the theoretical model, but also the
correctness of the N,g, values determined from Eq. (2); see Table 3.
(We recall that the used charge values are calculated from the expres-
sion Z=aN,gg.)

Table 4
aand Z vs. the surfactant concentration ¢ — comparison of the two ways of calculation.

¢s (mM) Ionization degree, @ Charge, Z (e units)
From Eq. (17) From Eq. (18) From Eq. (17) From Eq. (18)
SDS
30 0.46 0.46 22 22
40 0.54 0.55 33 33
50 0.52 0.53 34 35
100 0.54 0.56 35 37
CTAB
10 0.20 0.20 19 19
20 0.23 0.23 27 27
30 0.25 0.26 34 35
40 0.25 0.26 34 35
50 0.27 0.29 37 40
CPC
10 0.29 0.30 15 15
20 0.31 032 24 24
30 0.33 0.35 26 28
40 0.33 0.36 31 33
50 0.34 037 31 34
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Fig. 7. Theoretical dependencies of the dimensionless surface potential of the film,
dg=e|Ps|/(kT), on the micelle ionization degree, ¢, calculated using the system of
Egs. (6)-(12) and (15)-(17), and the values of N,4 determined from Eq. (2); see
Table 3. The calculations are carried out for the thinnest equilibrium films that are in
contact with the respective micellar solution, but do not contain micellar layers.

5. Results and discussion
5.1. Degree of ionization, charge and aggregation number
Fig. 6 illustrates the determination of « from the theoretical curve

ho(c) and from the experimental value of the final film thickness hgexp
taken from Table 2. In this figure, the determination of « is illustrated

(@) 1600 : —
:
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Disjoining pressure, I1 (Pa)
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Fig. 8. Comparison of theoretically calculated dependencies of the disjoining pressure
IT vs. the film thickness h (the solid lines) with experimental data for I'1(h) obtained
by the Mysels-Jones porous plate method. The data refer to the leftmost branch of
the I'l(h) dependence, that with h = ho, which corresponds to a film that does not con-
tain micellar layers. The used solutions are (a) 30 and 50 mM SDS and (b) 40 and
100 mM SDS.

for 50 mM surfactant concentration; the results for all surfactant concen-
trations, obtained in a similar way, are given in Table 3.

In Fig. 6, hy decreases with the rise of . As mentioned above, this
is related to the fact that a greater degree of ionization of the micelles
in the bulk leads to a higher sucking osmotic pressure due to the
counterions dissociated from the micelles; see Eq. (11). The slope of
the ho(a) dependence decreases with the rise of « (Fig. 6). For this
reason, the accuracy of determination of « from hgex, decreases
with the increase of o

Figs. 9 and 10 compare the obtained results for N,g, o and Z=
aN,gg for the investigated surfactants: SDS, CTAB, CPC, SLES-1EO,
SLES-3EO and KMy. The general trend is that all these quantities are
to increase with the rise of the surfactant concentration, cs, and to
level off at higher concentrations. It is remarkable that the surfactants
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Fig. 9. Comparison of the obtained results for SDS, CTAB and CPC. (a) Plots of Nygg V. Cs.
(b) Plots of « vs. cs. (c) Plots of Z vs. cs. The data are from Table 3, and the lines are
guides to the eye.
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with greater N,g; have smaller ¢, so that the values of Z=aN,g are
not so different (Figs. 9 and 10). This experimental fact is discussed
in Section 5.2.

The obtained values of o compare very well with data obtained by
other authors using other methods; see Table 3. For example, for SDS
we obtain micelle ionization in the range a=0.46-0.54; similar
values have been reported in the literature: a«=0.50 obtained by
¢-potential measurements [54] and a=0.54 from the mass action
law [42].

Likewise, for CTAB we obtain micelle ionization in the range o=
0.20-0.27; similar values have been reported in the literature: o= 0.23
obtained from the Krafft temperature [51] and a«=0.25 determined by
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Fig. 10. Comparison of the obtained results for SLES-1EO, SLES-3EO and KMy. (a) Plots
0f Nagg vs. Cs. (b) Plots of v vs. ¢.. (c) Plots of Z vs. ¢;. The data are from Table 3, and the
lines are guides to the eye.

chemical trapping of free counterions by a water soluble arenediazonium
salt [55].

The results for N,gg, o and Z obtained here for SLES-1EO, SLES-3EO
and KMy are novel and they will be verified in future experiments by
other methods (Fig. 10).

5.2. Why larger Ngg, corresponds to smaller c?

The surface charge of a micelle is determined by the balance of
two opposite tendencies. Here, this is illustrated for the analogous
case of flat interface, for which the equations are simpler.

The first tendency is the surface potential to grow with the surface
charge, which is described by the Gouy equation [115]. For a flat sur-
factant adsorption layer, this equation can be presented in the form
[116]:

a(dg) = % VIsinh (%) (Gouy equation). (19)
C

As before, & is the surface potential; I is the ionic strength of a 1:1
electrolyte; k.= (8mLg)'? is a constant parameter, which is equal to
1.345% 10~ * m'” for water solutions at 25 °C; I'is adsorption (number
of surfactant molecules per unit area); for micelles, F=Nagg/(4nR2),
where R is the micelle radius. Eq. (19) is known also as the Graham
equation [117].

The second tendency is related to the effect of counterion binding,
which is described by the Stern equation [118] and leads to the fol-
lowing expression for the degree of ionization [23]:

1

UPs) = T R Texpiy

(Stern equation). (20)

Ks; is the Stern constant. Eq. (20) represents « as a decreasing func-
tion of ds. Physically, at higher & more counterions are attracted by the
surface, where they bind and decrease the ionization . The curves in
Fig. 11 are drawn with typical parameter values: Ks;= 0.6476 M~ ! for
SDS [116]; =8 mM; I'1 =1 umol/m? and I'; = 4 pmol/m?2.

The balance of the aforementioned two tendencies corresponds to
the intersection point of the a(ds) curves calculated from Eqgs. (19)
and (20); see Fig. 11. These curves refer to the same ionic strength I
(which could be controlled by the addition of salt), but to two differ-
ent values of I' (which could be due to different sizes of the surfactant
headgroups). Note that I' enters only Eq. (19), which predicts a lower
a(dy) for the greater value of T. As seen in Fig. 11, [>T corresponds
to o<y, i.e. the degree of ionization is smaller for the surface of
greater surfactant adsorption. (For micelles of the same R, greater T

1.0

= = =
& -2 -]
- : -

Degree of ionization, &
°
[~

2
o

Surface potential, ®g

Fig. 11. Plots of a vs. the dimensionless surface potential, &s, calculated from the Gouy
and Stern equations, Egs. (19) and (20) for two surface densities of surfactant mole-
cules, I'1<T,. The intersection points determine the respective values of the ionization
degree, ; and o
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corresponds to greater N,ge.) The data in Figs. 9 and 10 show that the
same tendency is observed also for micelles, i.e. larger N,g corre-
sponds to smaller c.

In the case of micelles, the full system of equations should include the
generalization of Eq. (19) for a spherical interface [119], and should also
take into account the contribution of the dissociated counterions into the
ionic strength I, which leads to an additional link between I and c.

6. Conclusions

A new method is developed, which allows one to determine the
aggregation number, N,gg, and charge, Z, of ionic surfactant micelles
from the height of the step, Ah, and the final thickness, hy, of stratify-
ing foam films. The method is applied to determine N,g and Z for
micelles of SDS, CTAB, CPC (data from Ref. [23]), as well as of
SLES-1EO, SLES-3EO, and KMy (new data) at various surfactant con-
centrations, cs, and the results are analyzed.

The determination of Nuge and Z (and a=Z/N,eg) from film-
stratification data, which is proposed in the present article, has the
following advantages:

(i) Naggand Z are determined simultaneously, from the same set of
experimental data;

(ii) Nagg and Z are obtained at each given surfactant concentration.
(They are not average values for the whole micellar concentra-
tion range, as the values obtained from electrolytic conductiv-
ity measurements or from the dependence of CMC on the salt
concentration.);

(iii) Nagg and Z can be determined even for turbid solutions, like
those of carboxylates, where the micelles coexist with crystal-
lites and the light-scattering and fluorescence methods are
inapplicable.

The main limitations of the method are that the foam films must
stratify and the micelles have to be spherical. This is fulfilled if the
surfactant concentration is sufficiently high, but not too high (to
avoid formation of non-spherical micelles), and the concentration of
added salt (which suppresses the stratification) should be sufficiently
low. These requirements are satisfied for numerous systems that rep-
resent scientific and practical interest.
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