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Abstract

The surface properties and dynamics of the formation of a surface phase in individ-
ual and binary aqueous solutions of surface-active substances by the Wilhelmy plate
with the Langmuir-Blodgett barrier system are studied experimentally and theoreti-
cally. Salts of fatty organic acids are used as the surfactants - potassium laurate and
potassium kaprilat, which are members of the same homologous series, but differing
in properties. The properties of both one- and two-component solutions depending on
both total concentration of all surfactants and relative contribution of each surfactant
in the solution are investigated. The maximum surface pressure versus concentration
at different speeds of the barriers are plotted. It is revealed that these curves have
characteristic maximum. To interpret the results, a theoretical model allowing to
study kinetic characteristics of adsorption/desorption processes is proposed.

Introduction

The Langmuir-Blodgett barrier system was developed a hundred years ago specifically
to study the surface properties of insoluble surfactant. In the last few decades it has
been applied for studying solutions of soluble surfactant films. This study investigates the
processes of formation of the surface phase in monosolutions of surfactants and in binary
systems containing two surfactants. Such systems have not been adequately explored
because with an increase in the number of solution components the number of physico-
chemical parameters also increases, which can influence the behavior of the system. The
situation is further complicated if the components are mutually soluble. Nevertheless,
interest in these systems is increasingly growing because of their common occurrence in
nature and numerous applications in industrial processes, in power engineering, chemical
and petroleum industry, medicine, etc.

Presently existing models of time-dependent mass transfer require thorough experi-
mental verifications. A lot of publications devoted to the study of surface properties of
combined systems are based on the study of equilibrium states [1]. The inadequacy of
the equilibrium approach is especially evident in the processes with dynamically variable
conditions for the existence of the free surface. In this respect, the approach applied in
monographs [2, 3] seems to be more promising. The dynamic properties of the surface phase
formation were investigated experimentally and theoretically in a series of works by Yossi,
the results of which were summarized in monograph [2]. We can also mention the work [3],
the authors of which concentrate their attention on the dynamics of adsorption/desorption
processes.

The authors of this paper believe that the classical Langmuir-Blodgett method has not
yet exhausted its potential and can be successfully used to study the dynamic properties
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of the surface phase formation of one or more surfactants.

Description of the experimental setup, materials and measur-
ing method

Studies were performed with the use of the Langmuir-Blodgett barrier system and the Wil-
helmy balance (KSV Ltd., Finland) [4]. The setup allows studying the surface properties
of the solutions in a wide range of lifetime of the surface phase (from a few seconds and for
much longer time) and is characterized by high sensitivity at concentrations much lower
than the concentration of micelle formations. The dependence of the surface tension on
the time provides information about the rate of adsorption/desorption of surfactants and
allows us to estimate the characteristic times of mass exchange between the volume and
surface phases.

The experiments were carried out with solutions of potassium salts of fatty acids -
caprylic acid, propionic acid, and lauric acid prepared on the basis of an aqueous solution
of potassium alkali of molar concentration. These surfactants have different lengths of the
molecule, which leads to substantial differences in the ways they manifest their surface-
active properties. For preparation of solutions we used water of the first degree of purity
according to Russia state standard 52501-2005. The tray and setup barriers were cleaned
before each experiment. Purity of the surface was checked against that of deionized wa-
ter by indications of the Wilhelmy balance, which determine the force of pulling in the
Wilhelmy plate submerged into a liquid. At the time when the barriers are brought close
together the change in the surface pressure should not exceed 0.2 mN/m. After cleaning
the water is pumped out and the tray is filled with test solution. Before each measurement
the solution is kept in the tray for 20 minutes. The measurements were performed at a
constant temperature of samples of (23.0± 0.3)◦C. During all experiments the velocity of
the barrier motion was kept constant. The barriers located on the surface of the tray filled
with the test solution, first moved closer together with a certain fixed velocity, and then,
after reaching a given position, stopped and, without immediately began to move with
the same velocity in the opposite direction. Indications of the balance and the position of
barriers were transferred in real time to a computer.

The Wilhelmy plate being constantly immersed in the solution registers the magnitude
of the capillary force exerted by thesurface of the solution. Thus, during the experiment
the scales record changes of the surface tension compared to the initial equilibrium value
as a result of changes in the surface density of the surfactant due to an increase or decrease
of the surface area of the solution. This quantity is called the surface pressure. At the
beginning of each experiment, the indications of the balance were set to zero, i.e. the
surface pressure was measured with respect to the equilibrium value of the surface tension.

Discussion of results

The plots of surface pressure as a function of the surface area per one cycle of compression-
extension obtained for monosolutions of potassium laurate and potassium caprylate are
given below. Different curves correspond to various velocities of the barriers at the same
molar concentration of the surfactant.
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Fig.1 Variation of the surface pressure with the surface area for solutions of
potassium laurate a), caprylate b) potassium molarconcentration of C =

0.0036 mol/l for various velocities of barrier movement: v, mm/min: 1 - 10; 2
- 25; 3 - 50; 4 - 100

The graphs show that as the barriers approach each other the surface pressure increases,
which is associated with an increase in the surface concentration of the surfactant due to
a decrease in the surface area. However, the curves corresponding to a convergence and
divergence of barriers do not coincide because part of the surfactant molecules has enough
time to diffuse into the solution. With the growth of the compression rate the surface
pressure varies more strongly. The higher the rate of barrier convergence, the smaller
number of surfactant molecules have time to pass into the mass phase due to desorption.
This leads to a larger value of the maximum change in the surface pressure recorded during
each experiment. These data were used to construct curves of the maximum pressure
change versus the volume concentration of potassium laurate and potassium caprylate in a
molar KOH solution at different velocities of barrier motion. All curves show a pronounced
maximum, the position of which depends on the barrier velocity.

Fig.2 The dependence of the maximum value of pressure variation on the volume
concentration of a) the potassium laurate, b) the potassium caprylate at different barriers

velocities v, mm/min
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The existence of the extremum is associated with the competition between two mech-
anisms, depending differently on the volume concentration. On the one hand, an increase
in the volume concentration leads to an increases in the surface concentration of the sur-
factant, and, consequently, to a more significant change in the surface pressure during
compression of the surface. Therefore, at low concentration this dependence is directly
proportional. At a limiting value of the surface concentration, observed at different vol-
ume concentrations of various substances, a further increase in the surface pressure due to
barrier compression does not occur, and the curve approaches saturation. On the other
hand, the rate of mass transfer between the volume and surface phases monotonically
increases with increasing volume concentration.

This leads to a decrease in the maximum value of the surface pressure in the experiments
where the barriers are brought close together, so that instead of saturation one can observe
a descending part of the curve.

In the second series of experiments, measurements were made at a constant velocity
of the barrier motion, but for binary solutions containing both surfactants. At some
fixed molar concentration of surfactants, defined as the total number of molecules of both
surfactants in a unit volume of the solution, their relative content (the number molecules
of each surfactant per unit volume of the solution determined by the mole fraction of each
surfactant) changes:

X =
ν1

ν1 + ν2

where ν1 and ν2 is the number of moles of the first and second surfactant in the mixture.
On the dependencies of the maximum change in the surface pressure on the mole

fraction of potassium laurate at various total molar concentrations of the surfactant and
velocities of barrier motion we saw that at higher concentrations of the surfactants in the
solution the maximum change of the surface pressure is of monotonic character. Thus, the
variation in the composition of the mixture monotonically changes its surface properties,
which have intermediate values with respect to the values typical for the homogeneous
mixtures. However, at low concentrations the plots have a minimum, i.e., in the case of
a mixture, the molecules diffuse from of the surface layer into the solution faster than in
the case of a mono-component mixture. The rate of desorption depends on the mixture
composition.

The mathematical model

Here we shall construct a theoretical model, describing the time-dependent processes of
diffusion and adsorption/desorption of surfactants at the interface and near it under the
conditions of dynamical changing surface area of the solution. The coordinate system
is arranged in such a way that the x-axis is directed along the interface and the z-axis
is perpendicular to it so that the condition z=0 specifies the surface, and the axis itself
goes into the liquid. We shall restrict our consideration to the case of a two-dimensional
problem. The volume and surface concentrations will be denoted by C (t , x , z ) and Γ (t , x )
respectively. The constitutive relation defining the dynamics of dissolved surfactant is a
diffusion equation, valid for the bull of solution, taking into account a lead to surfactant
transfer along the boundary and in adjacent viscous skin layer:

∂C
∂t

+ Θ(t)z
∂C
∂z

= D
∂2C
∂z2.

(1)
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where D - is the diffusion coefficient of a surfactant in a liquid. Since we do not deal with
the problem of convective mass transfer, we may omit the corresponding term in (1). Here
S denotes the surface area, and Θ - the rate of deformation. Relation (1) was derived under
the requirement of fluid incompressibility.

The diffusion equation (1) for a surfactant found in the bulk solution must be supple-
mented by two equations for the surface concentration Γ (t,x), which are considered as its
boundary condition. Since the relaxation of the surface is fast enough in this system, we
can omit the term corresponding to the diffusion of the surfactant along the surface in the
equation. One of these equations for the examined system geometry is written as:

dΓ

dt
+ Θ(t)Γ = D

∂C
∂z
|z=0 (2)

However, boundary condition (2) for equation (1) is insufficient for an adequate descrip-
tion of the transport processes, since equation (2) introduces a new function Γ (t,x) into
consideration, and we need another relation, which relates surfactant concentrations at the
surface and in the solution. To determine the type of this relationship it is necessary to
compare the characteristic times of diffusion and adsorption/desorption. If the characteris-
tic diffusion time is much longer than the time of establishment of the material equilibrium
between the surface and near-surface layers due to adsorption/ desorption, we are dealing
with the diffusion kinetics [2,3]. In this case, the delivery of the surfactant molecules to
the surface at any variation of the solution thickness occurs almost instantaneously, and
the system is in the state of thermodynamic equilibrium. The specific form of the rela-
tionship between Γ and C, depends on the choice of the isotherm. For the problem under
consideration it is convenient to use the Langmuir isotherm:

Γ = Γ∞
C0

K2/K1 + C0
(3)

where Γ∞ - is the limiting surface concentration of the monolayer for a given surface-active
substances, C0 - is the value of the molar concentration of the surfactant in the near-surface
layer, K1 and K2 - are the coefficients of adsorption and desorption, respectively.

If the balance of the characteristic times in the system is opposite, i.e., the diffusion
processes occur much faster than the processes of adsorption/desorption, there is no equi-
librium in the system and we need to introduce the dynamic relationship between the
concentrations. In this case the Langmuir equation is used most commonly:

dΓ

dt
= K1C0

(
1− Γ

Γ∞

)
−K2

Γ

Γ∞
(4)

In the case of the adsorption kinetics (4) the diffusion occurs so quickly that the concen-
tration of the surfactant in the near-surface layer C0 is held constant, since the diffusion
always has time to remove extra molecules from the surface in the case of desorption, or
to carry new molecules to the surface in the case of adsorption. It is readily seen that
equation (3) is simply a stationary solution of equation (4).

Finally, if it is impossible to give preference to a certain kind of mass transfer process
one should refer to mixed kinetics [2, 3]. It is the most complex case for the analysis, since
the Langmuir equation takes the following form:

dΓ

dt
= K1C(t,0)

(
1− Γ

Γ∞

)
−K2

Γ

Γ∞
(5)

Equation (5) can not be solved independently, since in this case the near-surface surfactant
concentration is non-stationary.
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Suppose that the processes in the system occur according to the diffusion kinetics
scenario. In this case, to evaluate the evolution of the system we must solve equation (1)
for the boundary conditions (2, 3) and the following initial conditions:

t = 0 : Γ = Γe,C = C0. (6)

Here Γe - is the equilibrium value of the surface concentration of the surfactant at the
beginning of the barrier movement. Consider the specific case of dynamically changing
surfaces. Let the area of the surface phase is compressed with the constant rate V. To
solve, we use the method developed by Yossi in [2]. As a result, we obtain an expression

Γ(τ) = (1− Vt)

Γe + 2

√
D
π

√
τ∫

0

(
C0 − C(τ − λ, 0)

)
d
√
λ+ 2V

τ∫
0

Γ(τ)dτ

 , (7)

using the initial conditions (6). The approximation C0−C (τ − λ, 0) ≈ (Γe−Γ(τ−λ))dC/dΓ
can be used to solve equation (7) with respect to Γ, and the integrals can be replaced by
the approximate expressions according to the mean value theorem.

The numerical calculations have been performed in the paper [2]. They show that this
assumption does not introduce significant errors. Expressing in (7) the function of Γ(τ),
and assuming that the deviations from the equilibrium Π−Πe ≈ (Γ−Γe)dΠ/dΓ are small,
we arrive at the final expression for the evolution of the surface pressure:

∆Π(s) =

√
πV
4D

RTC0Γ2
∞(

C0 + K2
K1

)2

(1− s)
√
s(G
√
s +
√

1− s)
. (8)

Here T - is the temperature s - is the dimensionless area of the interface s(t) = 1 − Vt,
which varies in the range from 1 to 0.

To construct equation (8) we used the expression for the Langmuir isotherm (6) and
Gibbs isotherm, dΠ/dC = ΓeRT/C0 The transformations made in (8) result in the ap-
pearance of the dimensionless parameter G which is equal to the ratio of the characteristic
diffusion time to the characteristic time of the barrier motion:

G =

√
π

2

√
τD
τV

=

√
π

2

dΓ

dC

√
V
D
.

If the surface is compressed quickly, and G >> 1 relation (15) at the beginning of evolution
becomes close to a liner expression: ∆Π(s) ≈ (1− s)/s. For another limiting case G <<1
when the motion of the barriers is so slow that the diffusion processes have time to relax, we
get ∆Π(s) ≈ (1− s)/s In both cases the curve has no extremums and the surface pressure
varies monotonically.Assuming that the examined system evolves according to the scenario
of diffusion kinetics we can use the above experimental data to estimate the value of the
parameter G in the experiments with potassium caprylate: G ≈ 0.19

√
υ , where υ - is

the dimensional velocity of the barriers(mm/min).Taking into account these observations,
we compared the theoretical curves calculated by formula (8) with the experimental data
described by the curve of surface pressure versus surface area for the solutions used (b).
The results for different velocities of the barrier motion (for the sake of comparison with
experiment the surface area is expressed in mm2 are shown in the figure as surface pressure
versus surface area curves for a solution of potassium caprylate.

It is seen that for potassium caprylate there is a good agreement between the experi-
mental and theoretical data for all velocities of the barrier motion set during experiments.
There exists a value of C, for which an increase in the surface pressure during the motion
of the barriers is maximum (see Fig.3).

391



Proceedings of XL International Summer School–Conference APM 2012

Fig.3 Variation of the surface pressure with the surface area for the solution of potassium
caprylate. The experimental data (dots) are compare with the theoretical data (solid lines)
calculated by formula (15) at a fixed molar concentration of the solution C =0.0036 mol/l.
The curves correspond to different velocities of the barrier motion: v, mm/min: 10 (�); 25

(+); 50 (◦); 100 (♦).

Using (8) we shall try to clarify the physical meaning of the appearance of extremum
on the plot of the maximum surface pressure as a function of volume concentration of
the surfactant solution, shown on the dependence of the maximum change in pressure on
the mass concentration (Fig.4). For this purpose we fix a value s=0.5 and see how the
experimental points fit the theoretical curve, for example for the barrier velocity v=100
mm/min.

Fig.4 The dependence of the maximum pressure variation of the volume concentration of
potassium caprylate.It is a comparison of experimental data (◦) and theory (line),

calculated by the formula (15) at a fixed speed barrier,
v=100 mm/min.

If we differentiate (8) with respect to C0, you can get the value of concentration at the
curve maximum:

C∗0 =
K2

K1
≈ 0.4 · 10−3 (9)

Thus, the maximum of the curve corresponds to the case when concentration of the surfac-
tant in the solution is equal to the Langmuir-Shishkovsky constant a=K2/K1. The latter is
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the ratio of the desorption coefficient to the adsorption coefficient. The physical meaning
of the constant follows from the Langmuir isotherm (3): it is an initial concentration of the
surfactant in a mixture, at which after the establishment of the equilibrium the monolayer
is exactly half full. Relation (9) can be used to estimate based on the experimental data
the ratio of the adsorption to the desorption coefficients: K2 = K1C0 ≈ 0.4 · 10−3K1. In
the framework of diffusion kinetics it is impossible to determine separately the adsorption
and desorption coefficients, because a priori the diffusion time is much longer than the
characteristic time of adsorption. Just this assumption has been used to derive formula
(8).

Conclusion

A theoretical model has been proposed to interpret the experimental data on the dynamics
of formation of the adsorbed film of a single surfactant. It allows us to describe the time-
dependent processes of diffusion and adsorption-desorption of a surfactant at the interface
and near it under the conditions of dynamically changing surface area of the solution.
Good agreement between the experimental and theoretical results (see surface pressure
versus surface area curve and curves of maximum change in pressure plotted as a function
of volume concentration), provides the basis for determining the type of kinetics of the
examined surfactant.

However, the kinetics scenario can be predicted without making a complex mathemat-
ical analysis. Let us estimate the following dimensionless parameter:

R =
Γ2
∞K̂2

a2D
, (10)

This parameter is the ratio of the characteristic diffusion time to the characteristic time of
adsorption-desorption. If the parameter R is large, the kinetics of the system is of diffusion
type, if it is small, the kinetics is of the adsorption type. As for the values entering into
relation (10) we can characterize them as follows. The reduced coefficient of desorption
K̂2 = K2

Γ∞
at times to 20 ms is almost independent of the type of material and is equal

to 100 s−1 [2]. The value of the saturation of the monolayer is also weakly dependent on
the material and is approximately equal to 5 ·10−10 mol/sm2. The Langmuir coefficient
is determined from the experiment (9). The diffusion coefficient of potassium caprylate
can be estimated as 10−6 sm2/s. As a result, we obtain: R ≈ 2. This means that potas-
sium caprylate (C8H15KO2) with some reservations can be attributed to the substances
governed by the diffusion kinetics. A similar analysis performed for the potassium laurate
(C12H23KO2), leads to a larger value of: R ≈20. The point is that the maximum of the
curve for laurate is shifted toward lower concentration (which is readily seen from the de-
pendence of the maximum change in pressure on the volume concentration). In general,
these results correlate well with the observations of Yossi, who stated that a surfactant
composed of heavier molecules of a homologous series, shows more pronounced diffusion
kinetics [2].

Thus, we offer three possible variants of representing boundary conditions, which corre-
spond to different types of kinetics of mass transfer processes at the surface of the solution:
adsorption-desorption, diffusion, and mixed kinetics. It has been shown that on the basis
of preliminary experimental data we can evaluate the type of kinetics inherent in a particu-
lar surfactant. A reasonable explanation has been given for the nonmonotonic dependence
of the increment of the surface pressure on the volume surfactant concentration observed
in the experiment. It has been found that the curve maximum corresponds to the case
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in which the surfactant concentration in the solution is exactly equal to the Langmuir-
Shishkovsky constant. The proposed approach for determining the Langmuir-Shishkovsky
constant is new and is not described in the literature.
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