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We observed the phenomenon of the stratification of thinning liquid films with both micellar solutions
of anionic surfactants and solutions containing latex particles. To explain this phenomenon, we suggest
that the stratification is a layer-by-layer decrease of the thickness of an ordered micellar (or latex) structure
inside the film. To interpret the available experimental data for stratifying films from micellar solutions
of sodium dodecyl sulfate (NaDS), a simple cell model is suggested. It permits calculation of the disjoining
pressure contribution which is due to the presence of micellar structure inside the film. The micelles
interact via screened electrostatic repulsion forming an ordered structure due to the restricted volume
of the film. The calculated excess energy per unit area of the film exhibits a number of minima corre-
sponding to the metastable states with micellar layers inside the film. The values of the film thickness at

the metastable states were predicted by the model and agreed with the experiment.

Press, Inc.

INTRODUCTION

Experiments with stratifying thin liquid
films suggest an interesting possibility for
gaining information about the interactions
between the particles in an ordered micro-
heterogeneous system. These films decrease
their thickness step by step until a stable final
state is reached. Many authors have observed
and investigated the phenomenon with both
foam films and emulsion films (see Part I(1)).
A possible explanation of the phenomenon,
suggested in some works (21, 22), is that a
lamella liquid crystal structure is formed inside
the stratifying film. However, as we discussed
in Part I, some recent experiments with both
latexes and micellar solutions of ionic and
nonionic surfactants revealed for the first time
that micelles or latex particles inside the film
form a structure which resembles the struc-
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tures observed by Hachisu ez a/. (2) for latex
particles in bulk aqueous solutions. These ob-
servations form a bridge between the two phe-
nomena: (i) ordering into microheterogeneous
systems and (ii) stratification of thin liquid
films.

Some indirect arguments, implying that a
micellar ordering in surfactant solutions might
in fact exist, can be posed as follows:

(i) The interactions between the colloid
particles both in latex and in micellar solutions
are due to the electrostatic repulsion between
the double electric layers around the particles
(the van der Waals interactions being imma-
terial).

(i1) Snook and van Megen (3) established
theoretically that the smaller the particles, the
lower the threshold concentration for the ap-
pearance of an ordered structure. Since or-
dering has been observed in latex solutions,
more ordering should be expected to exist in
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14 NIKOLOV
micellar solutions (with about 100 times
smaller particles).

(iii) The order—disorder phase diagram for
latex solutions (Fig. 1) is similar to the strat-
ification—nonstratification phase diagram for
micellar solutions (Fig. 2). The fact that the
electrolyte added in a micellar solution inhibits
the stratification could then be interpreted as
suppression of the micellar ordering in the so-
lution.

The aim of this paper is to describe a theo-
retical model for explaining the stratification
of thin liquid films formed from micellar so-
lutions of ionic surfactants. OQur analysis is
based on the idea that the micelles form an
ordered structure inside the film. It is also pos-
sible for a micellar structure to exist in the
restricted volume of the film even when or-
dering is missing in the bulk solution.

Our cell model of a stratifying film (see be-
low) is a convenient way to calculate the sup-
plementary component of the disjoining pres-
sure due to the micellar interactions.

MODEL OF A STRATIFYING FILM

(a) The Cell Model

Let us consider a model in which the closer
neighbors of a micelle in the bulk solution oc-
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FIG. 1. The volume fraction vs concentration of added
electrolyte order-disorder phase diagram for latex solu-
tions. The dashed lines are the experimental curves of
Hachisu ef al. (2) and the circles are the theoretical points
calculated by Ohtsuki et al. (20).
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FiG. 2. The volume fraction, ¢, vs concentration of
added NaCl phase diagram for stratifying films from mi-
cellar solutions of NaDS. The Debye width of the double
layers around the micelles and the dependence of the ag-
gregation number on the NaCl concentration (1) are ac-
counted for when calculating ¢.

cupy the sites of a simple cubic lattice with
side . We will account only for the interac-
tions between the first neighbors; thus, the ex-
istence (or nonexistence) of long range mi-
cellar ordering in the bulk solution will not
affect our equations. In addition, let us suppose
that the micellar lattice inside the film is de-
formed due to the interactions between the
film surfaces (see Fig. 3). Thus, each micelle
inside the film is situated at the center of a
rectangular cell with height 6 and square base
of side &;. In other words, the lateral distance,
01, between the micelles in the film is the same
as in the bulk solution, and the micellar lattice
is deformed only along the thickness of the
film. The quantity

A=06/6 (1]

provides a measure of the deformation. The
distance between the upper (or lower) layer
of micellar cells and the film surface is Ay/2
(see Fig. 3). The thickness of a film with »
micellar layers inside is

h = hy + né. [2]

The disjoining pressure, II, in the film can
be represented as a sum of three terms:
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FiG. 3. Model of a film with three micellar layers inside. The deformation of the micellar lattice inside
the film with respect to the nondeformed cubic lattice in the meniscus is exaggerated (the ratio A = 6/

usually is not less than 0.9; see Table II).

IM = I 4 I + 1™, [3]

where 11 and II'"" account for the electrostatic
repulsion and van der Waals attraction be-
tween the film surfaces; the presence of mi-
cellar structure inside the film gives rise to the
third term, II™. We will use the known
expressions of the DLVO theory for II®! and
mw,

A

— —xh
e = «Ce ) W ’

nmw=— [4]
where 1/k is the Debye length, Cis a constant
connected with the electric charge of the film
surfaces, and A is the Hamaker constant. Our
purpose below is to obtain an expression
for I1™,

Using the methods of statistical mechanics,
Beresford-Smith ez al. (4-6) have established
that the effective pair potential, U¥, of the
interaction between the particles in colloidal
systems with low added electrolyte has the
form of a screened Coulomb potential:

—xé
6 2
where § is the distance between the centers of
the colloid particles. The difference between
Eq. [5] and the classical Debye-Huckel
expression is the manner in which the con-
stants U, and « are calculated (see the next
section for more details). Equation [5] leads
to an effective force

9 Ueff 1\ e kb
= — = Ul k + = .
/ 35 "(K 5 ) 5
Let S and S’ be two identical square parcels
of area 67 and let .S be situated inside the thin
film and S’ inside the bulk solution in the me-

niscus as shown in Fig. 3. The intermicellar
interactions create pressures

U 1 —xd
Pm”——o(x-i-—)e

Ut = U, & (5]

(6]
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exerted at the parcels S and S, respectively.
The disjoining pressure component I1™%, con-
nected with the micellar structure, is then
equal to the excess pressure Py, — Pn,, i.e.,

Uy 1\e ™ 1\e ™

ams = — + = — —_
l(3) T (a) T
(8]

(see (7, 8) for the general concept of disjoining
pressure). Equation [8] is visualized in Fig.
4. If one imagines that the film phase and the
reference phase (the bulk liquid in the menis-
cus) are brought together, then an excess pres-
sure drop, II™, will appear at the dividing
surface between them.

(b) The Excess Film Energy

The excess film energy per unit area of the
film surface is equal to
1
w'=— 2 wdh + const, [9]
where the additive constant is to be determined
from the condition w® = 0 for the surface of

the bulk solution (infinitely thick film). In our
case, the disjoining pressure depends both on
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FIiG. 4. The deformed micellar lattice inside the film
(film phase) and the nondeformed micellar lattice in the
bulk solution (the reference phase) mentally brought to-
gether. The repulsion between the micelles gives to a pres-
sure drop (equal to I1™) at the dividing surface between
the two phases.
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the film thickness, /, and on the number, n,
of the micellar layers inside the film:

I =1I(h, n) =11,(h). [10]

Compare Eqs. [2]-]4] and [8]. By carrying
out the integration in Eq. [9] at constant #,
one obtains

2w$ = Ce ™" —

. % e—lc&
127h? ot |

1 2 e
+[(K+6—1)5—(K+6—1)51J 5 J, [11]

where the additive constant has been deter-
mined from the condition wj, =0 at 2z — o
and 6 — 4, (the micellar lattice in the bulk
solution is not deformed). The total excess
energy per unit area of the film is

w, = 2wy + Ph.

[12]

Note that for equilibrium processes w, equals
the film tension, v, w} equals the film surface
tension, o', and Eq. [12] reduces to the known
Rusanov equation v = 20 + P.. See also
Refs. (9, 10). Here P, is the capillary pressure.

It is convenient to introduce dimensionless
variables:

h=h/6, ho=ho/b, ®=«kd, [13]
P.= P56} /kT, I, =1,5%/kT,

B = wdP/ KT, [14]
A=A/(12xkT), C = C8}/kT,

Us = Us/(6KT) [15]

(k is the Boltzmann constant and 7"is the ab-
solute temperature). Then in view of Eq. [1],
Egs. [21,[3], and [12] can be transformed to
read

h=hy+ nh, [16]
2

h
+UO[(T<+%)9_K — R+ De™ |, [17]
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and
~ . A s
cb,,=Ce"‘”—ﬁ+Pch

—KA

+ nU, — (R +2)e”*

+ Uk + 1)(h — hy)e ™. [18]

Equations [16]-[18] are the basic equations
of the model.

At an equilibrium state the excess film en-
ergy, ®,, must be minimum. Hence, a nec-
essary condition for equilibrium at a given
capillary pressure, P, and number of micellar
layers, n, is the equation

3.\
( oh ) o =0,

Then in view of Eqgs. [ 16]-[ 18] one obtains
from Eq. [19] that

ﬁn:ﬁc:

n=0,12---. [19]

n=0,1,2,-+- [20]

at an equilibrium state of the film. (Equation
[20] is similar to the condition for equilibrium
of films without micellar structure inside.) In
view of the experimental data, it should be
expected that the equilibrium state with n = 0
(no micelles in the film) is stable, and the
equilibrium states with n = 1, 2, 3+« are
metastable.

The expressions for ﬁo and &g in the par-
ticular case with » = 0 can be deduced from
Egs. [17] and [18] by using the boundary
transition A = oo at finite values of % and %,
(indeed, such a transition provides n = (/~1
— 710)/)\ — (). The results are

s 24 . .
Iy = kCe™ — =5 — Up(# + 1)e™  [21]

+ Up(k + 1)(h — ho)e™. [22]
Equation [21] differs from the classical DLYO
expression for the disjoining pressure by the
appearance of a constant term

Py = —Up(i + e . [23]

This term is due to the presence of micelles in
the bulk solution; this micellar solution is
chosen to be the reference phase to account
for the excess forces acting inside the film. In-
deed, the boundary transition A = oo (6 =
00 ) removes the micelles from the film phase
as shown in Fig. 4 (without any changes in
the reference phase), and the micellar repul-
sion then gives rise to an excess pressure, P,
acting on the parcel S (P, = PokT/6?; cf. Eq.
[14]). The boundary transition n — o in Eq.
[21] leads to Iy, — P, (instead of to [Ty = 0),
because this transition produces an imaginary
bulk phase without micelles inside, which is
obviously different from the original micellar
solution (the reference phase).

RESULTS AND DISCUSSION
(a) Evaluation of the Model Parameters

As proven by Beresford-Smith et al. (4-6),
the Debye length 1/« of the double electric
layer around a micelle must be calculated from
the equation

k% = &5 + Kounterions
- ‘igi,iv;i (oxa+ cos).  [24]
Here
0= [i’;i?;r CDS]I/Z [25]

is the reverse Debye length in the case when
the contribution of the Na* counterions, dis-
sociated from the micelles, is negligible (N, is
Avogadro’s number and all concentrations in
Egs. [24] and [25] have dimensions of moles/
liter). The thermal energy in our case is k7T
= 4,1 X 10" ergs, the dielectric constant of
water is ¢ = 78.5, the values of ¢n,+ and ¢ps-
are given in Table I in Part I, and e = 4.8
X 10719 is the electron charge in CGSE units.
The dimensionless values ¥ and &y = «o6; for
the investigated solutions are shown in Table
I. The counterion contribution to & is signifi-
cant.

Journal of Colloid and Interface Science, Vol. 133, No. {, November 1989
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TABLE 1

Values of the Parameters of the Model at Different Surfactant Concentrations, cnaps®

ChaDs o hy P, Py
(mole/liter) F; Ko (nm) (nm) ¢ Us (Pa) (Pa)
0.03 5.17 4.12 20.7 36.4 78.2 7.78 52.8 239
0.06 4.47 2.65 18.2 30.0 53.0 2.36 51.4 296
0.08 4.30 2.03 16.9 27.6 51.0 2.18 51.0 435
0.10 421 1.50 16.2 26.1 54.6 1.99 50.5 547

“ The equilibrium film thicknesses, /i, and #,, are measured directly and the other parameters are calculated as

explained in the text.

It should be noted that, in principle, the
value of « inside the thin film can differ from
the value calculated for the bulk solution, be-
cause the micellar lattice inside the film is de-
formed and because the Na™ ions dissociate
from the surfaces of the film. However, reliable
methods to estimate these effects do not yet
exist. For this reason, we will use the bulk val-
ues of « calculated above, with the hope that
they do not differ significantly from the real
values of « inside the film.

The substitution # = 0 in Eq. [3] shows
that 4 = A, for a film without micelles inside.
The parameter 4, can thus be identified with
the thickness of the final stable film, assuming
that it does not contain micelles. Table I lists
the experimental values of the final film thick-
ness for the different concentrations.

According to Refs. (11, 12) the Hamaker
constant for water is between 3 X 1072 and
6 X 107%° J. We will use here the mean value
A =4.5X 107%J for our foam films, which
are composed predominantly of water.

The two coefficients, C and Up, are deter-
mined from the two equilibrium conditions

I~1o(ilo) = Isc and ﬂl(l:ll) = ﬁc-

(Cf. Egs. [17] and [20], where &, = h,/6, is
the dimensionless thickness of the metastable
film with one micellar layer inside. The ex-
perimental values of A;, along with the cal-
culated values of C and U, are presented in
Table 1)

According to the conventional double layer
theory, the coefficients C and U, are connected
with the electric potentials or the surface
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charges at the surfaces of the film and of the
micelles, respectively. In this case, we prefer
to work with surface charges rather than sur-
face potentials, since a micellar solution does
not provide a reference constant electric po-
tential which may be regarded as a zero po-
tential when accounting for the potential of a
micelle or a film surface.

The rigorous calculations of the micellar
charge from the value of U, are very compli-
cated due to the presence of some nonlinear
effects (5, 6). Beresford-Smith et al. have per-
formed numerical calculations of U, for col-
loid particles of radius ¢ = 16 nm and o
=0.031, 0.093, and 0.261 charges per nm? of
the surface of the particle. In our case, ¢ = 0.25
charges per nm? of the surface of a micelle,
but ¢ = 2.4 nm. Therefore, the nonlinear ef-
fects seem to be important, but we cannot use
the numerical data in (5). Instead, we can use
the approximate expression (6)

2xa

2
U, = )¢ S0+ 92 [26]

e (l+«xka
where ¢ is the volume fraction of the micelles
and z, is the number of charges per micelle.
(Note, however, that the simple equation [26]
does not account for the nonlinear effects.)
From the values of Uy in Table I and Egs. [15]
and [26], we calculated zp = 11, 5, 4.5, and
4 for the surfactant concentrations ¢, = 0.03,
0.06, 0.08, and 0.10 mole/liter, respectively.
As mentioned earlier, the real value of z; is
about 18. The differences can be due both to
the nonlinear effects and to the simplified
character of our model.
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The conventional double layer theory pro-
vides the following expression for the constant
Cc(7):

B 8wa?

C= ;

€K

[27]

here ¢ is the charge per unit area of the film
surface, where a NaDS molecule occupies an
area of 52 A2 (1). From the value of C in
Table I and Eqgs. [15] and [27] we then cal-
culated the degree of dissociation, «, of NaDS
in the film surface monolayer. We obtained o
= 4-5% for each of the four investigated so-
lutions. For comparison, the degree of disso-
ciation of a micelle is about 27% in this con-
centration interval (13-15). The difference
can be due to the curvature of the micellar
surface, as well as to the approximations in-
volved in both Eq. [27] and our model.

From the values of ¥ and Uy, and by using
Eq. [23], one can calculate the additional
pressure Py, created by the repulsion between
the micelles in the solution. In Table I the
magnitude of P, is compared with the value
of the capillary pressure P.. It is seen that | Py |
increases when the surfactant (and the micel-
lar) concentration is increased.

(b) Disjoining Pressure and Excess
Energy Isotherms

Having evaluated the parameters of the
model, one can calculate the disjoining pres-
sure and excess energy isotherms, as well as
predict the thicknesses of the metastable states
with n = 2, 3, 4, - - - micellar layers inside
the film. From Eq. [21] one can calculate
IIy(#) and I1,,(h) from Eqgs. [16] and [17] for
n=1,2,3- - . The first four disjoining pres-
sure isotherms for 0.03 mole/liter NaDS con-
centration are shown in Fig. 5. It is seen that
at h - oo, II, > P,. As mentioned above,
this is due to the fact that each I1,,(#)-isotherm
corresponds to a given finite number, #, of
micellar layers in the film, and the boundary
transition 4 — oo leads to an imaginary phase
with zero micellar concentration. The pressure
in this phase is lower than the pressure in the
original micellar solution (the reference
phase), because the repulsion between the
micelles gives rise to the pressure Py; cf.
Eq. [23].

Figure 5 shows that the straight line II = P,
intersects all disjoining pressure isotherms.
According to Eq. [ 20], the intersection points
correspond to equilibrium states of the film

400

300

200

100

Cg= 0.03 mal/I

-100

DISJOINING PRESSURE (Pa)

-200

-300

FILM THICKNESS, h{nm)

FiG. 5. Calculated disjoining isotherms I1,( /) for thin films with # micellar layers inside (1, = 0, 1, 2, 3).
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HG. 6. Calculated isotherms of the excess energy per unit area of the film, w,(#), at the surfactant
concentration of 0.03 mole/liter and at different micellar layers inside the film.

7} ¢g= 0.10 mol/! n=6 _
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FIG. 7. Calculated isotherms of the excess energy for unit area of the film, w,(/), at the surfactant
concentration of 0.1 mole/liter and at different micellar layers inside the film.
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with thicknesses Ao, 7, k3, . ... The experi-
mental data show that the state with n = 0
(film without micelles inside ) is stable and that
the stateswithn =1, 2, 3, - - - are metastable.
The metastable states with # > 4 have very
short lifetimes. The step-wise character of the
film thinning indicates that metastable states
still exist at # ~ 10. An explanation of these
facts is obtained from the curves w, (%), n =10,
1,2,...,calculated from Egs. [14],[16], [18],
and [22].

Figures 6 and 7 represent excess film energy
curves, w,(h), for the lowest (0.03 mole/liter)

TABLE 1T

Calculated Values of the Deformation, A, Equilibrium
Film Thickness, 4,, and Equilibrium Excess Energy per
Unit Area of the Film, w,, at Different Number, n, Micellar
Layers in the Film and Different Surfactant Concentra-
tions, Craps

n A hy hy
CnaDS experimental  calculated  w, (X10%)
{mole/liter) {nm) {nm) (mN/m)
0.03 0 — 20.7 20.74 0.14
1 0946 36.4 36.4¢ 1.09
2 0.960 53.0 52.6 2.40
3 0964 679 68.7 3.45
4 0.966 — 84.9 4.40
0.06 18.2¢
0 — 18.2 30.0¢ -0.57
1 0937 30.0 423 0.30
2 0956 41.3 54.6 1.56
3 0.964 53.0 67.0 2.46
4  0.068 64.9 79.3 3.24
5 0.969 —_ 3.95
0.08 0 — 16.9 16.9¢ —-0.74
1 09947 27.6 27.6¢ -0.07
2 0.9665 38.5 38.7 1.22
3 0973 49.3 499 2.11
4 0976 60.2 61.0 2.84
5 0977 — 72.1 3.51
0.10 1 — 16.2 16.2¢ —0.87
1 0952 26.1 26.1¢ —0.34
2 0.969 35.9 36.4 0.96
3 0977 47.0 46.7 1.84
4 0980 57.9 57.0 2.53
5 0981 68.8 67.2 3.16
6 0982 —_ 77.5 3.74

“ These experimental values are used for calculation of
the parameters of the model.

and for the highest (0.10 mole/liter) NaDS
concentrations. Each curve corresponds to a
given number, #, of micellar layers inside the
film and the minima correspond to stable or
metastable equilibrium states. The experi-
mental and the theoretical values of the equi-
librium film thickness are compared in Table
II, where the respective values of the micellar
lattice deformation, A, and of the excess film
energy per unit area of the film, w,, are also
given, The theoretical and the experimental
values of / at the metastable states agree. As
a rule, the excess film energy, wq, at the final
stable state is negative. Hence, the surface en-
ergy per unit area of the film in this state is
less than twice the surface energy per unit area
of the bulk liquid surface, i.e., the final film
state is energetically favorable. This is consis-
tent with the fact that the final state is stable.
The minima with greater values of # have
higher excess energy, w,; they therefore cor-
respond to metastable states of the film.

One can notice that the curves in Figs. 6
and 7 in general resemble the shape of the os-
cillatory component of the repulsive hydration
forces in the experiments of Israelachvili and
Pashley (16) with thin films between two mica
surfaces. However, these oscillations are due
to the short range solvation forces (17-19) be-
tween K7 ions; in our case the phenomenon
of stratification is governed by long range
screened electrostatic repulsion between mi-
celles.

CONCLUDING REMARKS

Our analysis shows that the phenomenon
of stratification of thin films formed from so-
lutions of ionic surfactants can be explained
by the existence of ordered structures of mi-
celles inside the film. The micelles interact via
long range screened electrostatic repulsion;
they form ordered structures because the so-
lution occupies a restricted volume. The sim-
ple cell model, proposed here, allows one to
calculate the micellar structural component of
the disjoining pressure, II™, which is due to
the presence of micellar structure inside the
thin film. The total disjoining pressure also

Journal of Colloid and Interface Science, Vol. 133, No. 1, November 1989
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contains terms that account for the electro-
static repulsion and van der Waals attraction
between the film surfaces. A disjoining pres-
sure isotherm, II,,, corresponds to any given
number, 7, of micellar layers in the film. By
integration of II, with respect to the film
thickness, #, one can derive an expression for
the excess energy, wy,, per unit area of the film.
The curves w,(h), n = 0, 1, 2, ..., exhibit
minima, which correspond to the metastable
states (n = 1, 2, 3,+ - -) and to the final stable
state (n = 0) of the film. A step-wise film
thickness transition can be interpreted as a
transition from a given metastable state to the
next one. The experimental values of the film
thickness, %, for the equilibrium states with #
= 0 and 1 are used to predict the values of 4
forn=2,3,4,...,and good agreement with
the experiment is obtained. The shape of the
excess energy curves, w,(h), also reflects
properly the phenomenon of stratification: the
energy of the metastable states decreases with
the decrease of the film thickness. The cell
model can easily be improved if the real mi-
cellar lattice 1s not cubic, or if a new, more
refined, expression for the effective pair inter-
micellar potential becomes available.
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