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DLVO AND NON-DLVO FORCES IN THIN LIQUID FILMS
FROM RHAMNOLIPIDS

R. Cohen
D. Exerowa
I. Pigov
Institute of Physical Chemistry, Bulgarian Academy of Sciences,
Sofia, Bulgaria

R. Heckmann
S. Lang
Department of Biochemistry and Biotechnology, Technical University,
Braunschweig, Germany

Microscopic foam films (r ¼ 100lm) stabilized with a single rhamnolipid with a
well-known structure (a-L-rhamnopyranosyl-b-hydroxydecanoyl-b-hydroxydecano-
ate (R1)) are investigated, and the obtained results are compared with results
obtained from studies of foam films formed from solutions of rhamnolipid
mixtures. The studies are carried out employing the Scheludko-Exerowa microinter-
ferometric method. The dependence of foam film thickness on the electrolyte
concentration (Cel ) of the solution is monitored, and formation of common films
(CF), common black films (CBF) and Newton black films (NBF) is found. The con-
tinuous CBF-to-NBF transition is considered as evidence of the action of repulsive
forces that are not described by the classic Derjaguin�Landau�Verwey�Overbeek
(DLVO) theory of colloid stability. These non-DLVO repulsive forces lead to an
additional positive component of the disjoining pressure. To understand better
the surface forces operating in the rhamnolipid foam films, direct measurements
of the disjoining pressure=film thickness (P(h)) isotherms are carried out employing
the thin liquid film�pressure balance technique. The comparison of the obtained
experimental P(h) isotherm for CF (Cel ¼ 10�3 mol dm�3 NaCl) to the DLVO
theoretical predictions yields a diffuse electric layer potential of �5mV and surface
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charge density of �50mCm�2 at the film solution�air interfaces. The deviation
of the experimental curve from the theoretical one found for films thinner than
about 40nm evidences the action of non-DLVO surface forces. The experimental
steplike P(h) isotherms obtained for the CBF (Cel ¼ 0.15moldm�3 NaCl) are con-
sidered to result from an aggregation process, leading to the formation of lamellar
structures in the foam film. The obtained results show that the surface forces oper-
ative in rhamnolipid foam films are determined not only by the structure and
organization of the adsorbed layers but also by the molecular state of the bulk
solution.

Keywords: Rhamnolipid foam films; DLVO surface forces; Non-DLVO surface forces;
Stepwise isotherm; Diffuse electric layer potential; Surface charge density

INTRODUCTION

Thin liquid films have long been used for modeling interactions in dis-
perse systems such as foams, emulsions, and suspensions [1�7]. The
structure of the thin liquid films comprising large interfaces separa-
ted by a thin liquid core determines their different thermodynamic
and kinetic properties compared with the bulk phase. The classic
Derjaguin�Landau�Verwey�Overbeek (DLVO) theory of colloid stab-
ility [2, 6, 8] describes film stability as interplay between long-range
electrostatic interactions and molecular van der Waals forces. In the
case of symmetrical thin liquid films formed between the same adjac-
ent phases (e.g., foam films, emulsion films, and films formed between
two solid surfaces) the electrostatic interactions are always positive
because they cause repulsion of the film interfaces, while the attract-
ive van der Waals interactions are negative. Detailed studies of thin
liquid films during the last decades of the past century have also
demonstrated the existence of other types of surface forces, e.g., struc-
tural (or hydration) and steric forces, that are operative in certain
types of thin liquid films [2, 6, 7, 9�14].

The phase boundaries of thin liquid films that are gaseous in the
case of foam films, liquid in the case of emulsion films, or solid, deter-
mine to a great extent the surface forces operating in them. Thin
liquid films can also form between different adjacent phases. Such
are the films formed on a solid substrate, also called wetting films.
Recent parallel investigations of symmetric foam and asymmetric wet-
ting films formed from aqueous solutions of an ionic surfactant [15]
and block copolymers [16] with NaCl as a background electrolyte dem-
onstrate the role of electrostatic and steric forces for their stability.
Such a comparison between foam and wetting films is very convenient
when both types of films have the same solution�air interfaces
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because it allows use of the results obtained from studies of the foam
film with regard to the wetting film behavior.

The free liquid (foam) films have been the objects of numerous
studies due to the simplicity of their formation, their geometrically
well-defined surfaces, and last, but not least, because their precise
experimental methods allow accurate measurement of various
film parameters [1, 3�5, 7 and references therein]. The comparison
of the obtained experimental results with the classic and contempor-
ary theories of surface forces provide a way of understanding the
reasons for formation and stability of films stabilized with various syn-
thetic as well as natural, surfactants (biosurfactants) [7, 17�20]. Such
natural surfactants (or biosurfactants) are the rhamnolipid-type bio-
surfactants that are synthesized by micro-organisms during their
growth on hydrocarbon substrates. Similar to synthetic surfactants,
these biosurfactants can be employed in various technical systems—
as emulsifiers, as dispersants, to modify surfaces etc. [21�25]. The
advantages of rhamnolipid biosurfactants over their synthetic coun-
terparts are their biodegrability, low toxicity, and stability in a wide
range of temperatures and pH. Because there are good prospects for
the use of rhamnolipids as substitutes for commonly used synthetic
surfactants of petrochemical origin, the study of their surface proper-
ties can be of interest for various practical purposes. The efficiency and
effectiveness of these compounds are conventionally determined by
their ability to reduce the surface tension of aqueous solutions and
the interfacial tension of water�oil systems [23�28]. Such studies pro-
vide information on the adsorption and interfacial properties of
different rhamnolipid species. Here, the foam film model offers unique
possibilities for investigating the interaction forces between two
solution�air interfaces through a thin liquid core.

Recent studies of surface forces in horizontal microscopic foam films
(radius �100 mm) formed from aqueous solutions of a mixture of two
rhamnolipid-type microbial surfactants show formation of common
(CF), common block (CBF), or Newton black films (NBF), depending
on the electrolyte concentration of the solution [29]. While CF are com-
paratively ‘‘thick’’ films, appearing white to gray in reflected light, the
black films are so thin that they virtually reflect no light. The common
black films (CBF) comprise a water core between the adsorbed layers
at its air�solution interfaces while the structure of the thinnest NBF
can be described as two monolayers of the surface active substance
adsorbed on each other [7, 30]. The experimental studies [29] show
that while DLVO surface forces determine the stability of the common
films, non-DLVO surface forces leading to additional repulsive interac-
tions become operative in CBF and NBF. These non-DLVO forces are
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attributed to the complex structure of the strongly hydrophilic head
groups of the rhamnolipid molecules and to the specificity of the
organization of the adsorbed rhamnolipid ions with different head
groups at the solution�air interfaces of the film.

In order to get further insight into the nature of surface forces oper-
ative in rhamnolipid foam films, it is important to investigate films
formed not only of aqueous solutions of rhamnolipid mixtures but also
of a single rhamnolipid with a well-known structure. That is why the
objective of the present work is to investigate experimentally the
surface forces in foam films stabilized with the rhamnolipid R1
(a-L-rhamnopyranosyl-b-hydroxydecanoyl-b-hydroxydecanoate). Such
a study is of special importance for the understanding of the character-
istic behavior of rhamnolipids at the solution�air interface.

EXPERIMENTAL

Materials

The foam films were obtained from solutions of the rhamnolipid R1 (a-
L-rhamnopyranosyl-b-hydroxydecanoyl-b-hydroxydecanoate) with a
single rhamnose group and molecular mass of 504. Figure 1 shows
the chemical structure and a simplified model of R1 derived from
PM3 method. Rhamnolipids are usually produced by pseudomonas
aeruginosa micro-organisms as a mixture of two or four species [31].
In these lipids, the hydroxyl group of one of the fatty acids is linked
by a glycosidic bond with the rhamnose saccharide or disaccharide
and by an ester bond with the hydroxyl group of the second acid.
For preparation of single compounds, at first 2 ml of the aqueous
industrial sample 1.2 (Jeneil Biosurfactant Company, Saukville, WI,
USA) was freeze-dried, giving 470 mg of water-free material. This
rhamnolipid mixture, mainly consisting of the components R1 (one
rhamnose unit, two decanoic acid units) and R2 (two rhamnoses, two
decanoic acids), was dissolved in 3 ml of chloroform=methanol=water
(65=15=2; v=v=v) and afterwards was separated by using medium-
pressure liquid chromatography (MPLC). MPLC equipment was com-
posed of a Lobar column, size B, LiChroprep1 Si 60, 40�63mm (Merck,
Darmstadt, Germany), and a chromatography pump B 688 (Büchi,
Konstanz, Germany). Chromatography was performed with chloro-
form=methanol=water (65=15=2, v=v=v) as the mobile phase at a pres-
sure of 3 bar and a flow rate of 1 ml/min. The eluate was fractionized
using the Pharmacia LKB Frac-100 collector (Pharmacia LKB,
Freiburg, Germany). The purification of rhamnolipids was monitored
off-line by thin layer chromatography (TLC). TLC was carried out on
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Si gel 60 plates as stationary phase with the same solvent system that
was used for MPLC and with anisaldehyde=sulfuric acid reagent
for detection of carbohydrate-positive compounds. To facilitate the

FIGURE 1 Chemical structure and simplified model of R1 derived from the
MP3 method.
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identification of R1 and R2, additionally the two corresponding rham-
nolipids from Pseudomonas spec. DSM 2874 were used for comparison
[32]. Based on those RF values, the MPLC fractions containing the
desired products were separately pooled, the solvents evaporated
and subsequently the residual water freeze-dried. Finally, 70 mg of
R1 and 150 mg of R2 were isolated.

To obtain a stock solution with a concentration, Cs, of 10�3 mol dm3

R1, we added water to the isolated dry substance, vortexed the mix-
ture for several minutes and heated it to 60�70�C to obtain a homo-
geneous suspension. After cooling we neutralized the suspension
with dry NaOH at a 1:1 ratio and put it in a bath-type sonificator
for 1 h.

Rhamnolipid solutions with a constant concentration of 5�
10�4 mol dm�3 were prepared the day of investigation from the stock
solution. This Cs was found as a result of an investigation of the prob-
ability of formation of NBF obtained from solutions of R1 as a function
of Cs [7, 30]. These experiments were carried out at Cel ¼ 0.8 mol dm�3

NaCl, because this was the Cel where NBF formation first occurred in
foam films formed from solution of the rhamnolipid mixture
R2=R1 ¼ 1.2 [29]. Our experiments showed that stable NBF (i.e., with
lifetime greater than 15 min) could form from R1 solutions with Cs

higher than 3� 10�4 mol dm�3. The pH of these solutions was �5.8.
NaCl (Merck, suprapur) was used as an electrolyte. To remove

eventual organic impurities it was roasted at 550�C for 2 h. Through-
out the experiments, triple-distilled water was used (specific conduc-
tivity j ¼ 1� 10�6 S cm�1, pH � 5.8).

Methods

The foam film with a radius r ¼ 100 mm is formed by withdrawing
the studied liquid from the biconcave drop hanging in the glass tube
with a radius R ¼ 2.4 mm of the Scheludko�Exerowa measuring cell
(Figures 2a and 3) [1, 7, 30] that allows work at constant capillary
pressure, Pr. To avoid evaporation from the film, the bottom of the
tightly closed cell is covered with a layer of the studied solution. Before
each experiment the cell was cleaned with hot chromic mixture and
thoroughly washed with triple-distilled water.

The measuring cell with a porous plate made of a fritted glass disk
(Figure 2b), designed by Exerowa and Scheludko [7, 30, 33], was used
for studies of foam films submitted to different external pressures. The
foam film is formed in a hole with a radius of 500 mm drilled in the
fritted glass plate that serves as a film holder. It is fused to a glass
capillary whose free end is exposed to atmospheric pressure. When
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the film is formed in the closed gas-tight measuring cell the film men-
iscus penetrates into the pores of the film holder. The pore size deter-
mines the maximum capillary pressure, Pr, that can be reached until
the gas phase can enter them. The radii of the pores in the cell that we
used were in the range of 16�40 mm. This allowed us to increase Pr to
about 1.5� 103 Pa, considering that the surface tension of the solution
was about 30 dynes=cm [34]. In this cell the film thickness changes in
accordance with the applied external pressure, thus allowing the
direct measuring of disjoining pressure (thickness) isotherms at equi-
librium Pr ¼ P, where P is the disjoining pressure in the film.

Before each experiment this cell was thoroughly washed with water
and then put in an oven where it was heated for several hours at 700�C.
After that it was again washed with hot and cold triple-distilled water.

The thickness of the films was measured using the modernized
microinterferometric method of Scheludko and Exerowa [1, 7, 30].

The schematic shown in Figure 3 illustrates the principle of this
technique. The measuring cell is fixed in a thermostatting device
joined to the stage of a reflected light microscope with suitably adap-
ted optics that allows both visual observation and photometering.

FIGURE 2 (a) Scheludko�Exerowa cell for film thickness measurements at
constant capillary pressure [1, 7]; R, radius of the cylindrical holder where
the film is formed; r, radius of the foam film, (b) Exerowa�Scheludko porous
plate cell [33]; R, radius of the hole drilled in the porous plate.
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The apparatus is situated in a thermostatted room where precautions
are taken to avoid vibrations.

The process of film thinning is recorded by a special electronic sys-
tem registering the intensity of the monochromatic light with wave-
length k ¼ 546 nm reflected from both film surfaces. During our
measurement we assumed that the film had reached its equilibrium
thickness when the intensity of the reflected light did not change for
5 min. To confirm that equilibrium thickness value, we waited for
5 min more and again checked the light intensity.

The thin liquid film�pressure balance technique [35] was used to
measure directly the disjoining pressure isotherms (P(h)). This tech-
nique allows gradual and reversible change of the pressure in the mea-
suring cell with an accuracy �5 Pa.

Film thickness is calculated from the ratio between the measured
intensities of the reflected monochromatic light, I, corresponding to

FIGURE 3 Schematic of the interferometric technique for film thickness
measurements [1, 7]. 1, measuring cell; 2, thermostating device; 3, microscope;
4, halogen lamp; 5, photomultiplier; 6, recording device.

882 R. Cohen et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
4
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



a certain thickness, and Imax, corresponding to the interference
maximum, according to the formula [1, 7]

hw ¼ k
2pn

kp� arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I=Imax

1 þ ½ðn2 � 1Þ=2n�2ð1 � I=ImaxÞ

s !
; ð1Þ

where k is the interference order and hw is the so-called equivalent
film thickness i.e., the thickness of a foam film with refractive index
of the solution, n, in our case n ¼ 1.333.

In fact, the so-obtained equivalent film thickness, hw, is slightly lar-
ger than the real film thickness, h, because the refractive index of the
surfactant layers is higher than the refractive index of the solution
from which the film is obtained. Thus, the ‘‘real’’ film thickness, h, is
obtained using a five-layer model accounting for the film structure [36]:

h ¼ hw � 2h1
n2

1 � n2

n2 � 1

� �
� 2hpg

n2
pg � n2

n2 � 1

 !
; ð2Þ

where h1 and n1 are the thickness and refractive index of the hydro-
phobic layers formed from the hydrocarbon tails of the absorbed mole-
cules, and hpg and npg denote the thickness and the refractive index of
the polar head groups (Figure 4). The values of h1 ¼ 1:1 nm and hpg =
0.42 nm were determined from the molecular models (Figure 1). The
refractive index n1 ¼ 1:397 was approximated to that of octane. To
determine npg we measured the refractive index of rhamnose solutions
using an Abbé-type refractometer. We assumed that npg ¼ 1.386,

FIGURE 4 Foam film structure.
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approximating it to the refractive index of a 60% rhamnose solution,
as was suggested in previous studies of foam films stabilized with a
sugar-based surfactant [37]. In this way we obtain h ¼ hw � 0:7 nm.
We should note that our measurements of the refractive index of rham-
nose solutions showed that it increased from 1.371 to 1.386 in the con-
centration interval of 40�60%. The substitution of npg ¼ 1.386 with
the lowest measured value in Equation (2) leads to a change of only
0.1 nm in the obtained values of h.

Finally, the thickness h2 of the aqueous core can be obtained by sub-
stracting the thickness of the surfactant layers from h:

h2 ¼ h� ð2h1 þ 2hpgÞ; ð3Þ

The accuracy of thickness measurements with this microinterfero-
metric technique is �0.2 nm.

All measurements were carried out at constant temperature
T ¼ 22�C.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 5 represents the real thickness h ¼ hw � 0:7 nm (Equation (2))
of rhamnolipid foam films as a function of the concentration of NaCl
(Cel). As seen, increase in NaCl concentration leads to decrease in film
thickness. In the Cel interval of 10�3 mol dm�3 � 3� 10�2 mol dm�3

NaCl, the thickness of the obtained films decreases from 67 to
21 nm. These films are CFs that look silver when observed in reflected
white light. Black spots that expand and fill the whole film area are
first observed at Cel ¼ 0.1 mol dm�3 NaCl, where the films are
10.3 nm thick, so this Cel denotes the CF-to-CBF transition. The thick-
ness of CBF decreases to about 4.8 nm with increase in Cel up to
0.8 mol dm�3 NaCl. After that Cel the change of film thickness
is within the experimental error, so we can consider that
Cel ¼ 0.8 mol dm�3 NaCl is the critical electrolyte concentration
(Cel, cr) that indicates the formation of NBF [1, 7, 30].

The obtained h(Cel) curve agrees well with the h(Cel) dependence
of the foam films formed from aqueous solutions of rhamnolipids
R2=R1 ¼ 1.2 (Figure 6). The calculation of h of the R2=R1 ¼ 1.2 films
was made according to Equation (2) considering the similarity in the
structure of the R2 and R1 molecules [34]. So, the h(Cel) curve shows
that, similar to the films formed from rhamnolipid mixtures, long-
range DLVO forces are operative in CF and CBF formed from the
R1 solutions. They lead to the decrease of h with the increase of Cel

in accordance with the basic assumptions of the DLVO theory [2, 8].
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Also, in both cases the transitions CF to CBF and CBF to NBF are
observed at the same Cel. Here, however, the Cs used in the case of
the R1-stabilized films is higher than the previously used Cs ¼ 10�4

mol dm�3 R2=R1 ¼ 1.2 [29]. The higher ionic strength of the R1 solu-
tions resulting from the higher Cs leads to a lower film thickness at
Cel ¼ 10�3 mol dm�3 NaCl, compared with that of the films formed
from the mixed rhamnolipid solutions. The relative contribution of
Cs to the ionic strength of the rhamnolipid solutions decreases with
the increase of Cel, and the differences between the h(Cel) curves
obtained with R1 foam films and R2=R1 ¼ 1.2 foam films disappears
at higher Cel.

The observed continuous transition to NBF is evidence of the action
of additional non-DLVO repulsive forces, leading to an additional posi-
tive component of the disjoining pressure. The comparatively large
scatter of h found at Cel ¼ 0.8 mol dm�3 NaCl, clearly seen in the inset
of Figure 5, however, distinguishes the R1 foam films from those

FIGURE 5 Real film thickness (h), of R1 foam films as a function of NaCl
concentration ðCelÞ : Cs ¼ 5 � 10�4 mol dm�3, r ¼ 100 mm, Pr ¼ 25 Pa, and
T ¼ 22�C.
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stabilized with R2=R1 ¼ 1.2. One possible reason for that effect can be
found in the molecular aggregation in the R1 solutions. Studies of
Ishigami et al. [38] show that rhamnolipids form aggregates whose
reversible transformation from vesicles through lamellae, lipid particles,
and micelles depends on the pH of the solutions. Our work was carried
out at pH were conversion equilibria between vesicles and lamellae
have been observed. It is possible that the observed experimental scat-
ter evidences the changing morphology of molecular aggregates. The
high Cel where these effects are observed could also lead to changes
in the configuration of the molecules and ions in the adsorbed layers.

To get more information about the molecular interaction forces
in the R1-stabilized films, we carried out direct measurements of the
disjoining pressure isotherms at different electrolyte concentrations.
Figure 7 shows the obtained P(h) curve for R1 foam films obtained
at Cel ¼ 10�3 mol dm�3 NaCl. The lowest value of P ¼ Pr ¼ 25 Pa is
that of the film formed in the cell used for the investigations at

FIGURE 6 Real film thickness (h), of R1 ðCs ¼ 5 � 10�4 mol dm�3Þ and R2=
R1 ¼ 1.12 (Cs ¼ 10�4 mol dm�3) foam films as a function of NaCl concentration
(Cel): r ¼ 100 mm, Pr ¼ 25 Pa, and T ¼ 22�C.
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constant capillary pressure (Figure 2a). It was found using Laplace’s
equation Pr ¼ 2r=R, where R is the radius of the capillary of the mea-
suring cell where the film is formed, and r ¼ 30 mN m�1 [34] is the
surface tension of the R1 aqueous solution. The increase of P ¼ 25 Pa
to P ¼ 1.2� 103 Pa leads to decrease of the real film thickness, h, from
61 to 35 nm.

According to the basic equations of the classic DLVO theory, at
equilibrium the disjoining pressure, P, equals the sum of the repulsive
electrostatic (Pel) and attractive van der Waals (Pvw) components of
the disjoining pressure:

P ¼ Pel þPvw ¼ Pr: ð4Þ

The comparison of the obtained experimental PðhÞ isotherm with
the DLVO theoretical predictions was carried out by means of the
computer program involving the solution of the complete

FIGURE 7 P(h) isotherm of foam films stabilized with R1. Cs ¼ 5� 10�4

mol dm�3 R1. Cel ¼ 10�3 mol dm�3 NaCl: Points, experiment; solid curve, theor-
etical results calculated according to the DLVO theory equations for
uo ¼ 52 mV an ro ¼ 5 mC m�2.
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Poission�Boltzmann and Lifshitz equations for Pel and Pvw [35]. The
computation of Pel is based on the algorithm [39] that allows the
assumption of both constant potential of the diffuse electric layer
and constant surface charge density. The procedure [39] requires
determining the distance, d, between the planes of origin of the diffuse
electric layer potential, u0. We assumed that d equals the distance
between the centres of the head groups of the adsorbed rhamnolipid,
molecules [40]. Using the data for h1 ¼ 1:1 nm and hpg ¼ 0:4 nm
(Figure 1), we found that d ¼ h� ð2:2 þ 0:4Þnm, h being the real film
thickness (Equation (2)). Cel was determined as a sum of the concen-
trations of the rhamnolipid ions and the electrolyte added to the solu-
tions. Following the data for pKa ¼ 5.6 found by Ishigami et al. for
rhamnolipids of similar structure [38], we found that at pH ¼ 5.8
about 60% of the rhamnolipid molecules are dissociated. Thus, for
the films obtained from the R1 solutions of Cs ¼ 5� 10�4 mol dm�3

with 10�3 mol dm�3 NaCl added, Cel ¼ 1.3� 10�3 mol dm�3. Pvw was
assessed according to the equation of Donners et al. [41], allowing
the numerical evaluation of the Lifshitz expressions for three-layers
systems. According to this model the aqueous core of the rhamnolipid
foam film comprises the rhamnolipid head groups, so its thickness
equals h� 2hl. Though the equation [41] has been derived for three-
layer systems with slightly different parameters of the adsorbed
layers, its use is justified because of the relatively small effect of these
parameters on Pvw, at least for thicknesses above 5 nm. So we derived
the theoritical curve shown in Figure 7 computed at the conditions of a
surface potential, u0, of 52 mV and corresponding surface charge den-
sity, r0, of 5 mC m�2. It should be noted that in this case the computa-
tions carried out at the boundary conditions of constant potential, u0,
or constant surface charge density, r0, yielded practically the same
results for P.

The obtained electrical parameters at the film interfaces seem
rather low when compared with the respective values of u0 and r0 of
foam films stabilized with other ionic surfactants [7, 14, 35, 42, 43].
They are, however, higher that u0 and r0 found for foam films formed
from solutions of nonionic surfactants, including sugar-based ones at
concentrations close to the critical micellar concentration (CMC) [17,
44, 45]. So the obtained u0 and r0 can be considered as evidence of
the formation of a mixed adsorbed layer formed from R1 ions and
neutral molecules. This is possible because the surfactant in the bulk
is not completely dissociated, and neutral R1 molecules can adsorb
at the film interfaces as well. Their surface concentration can reach
high values due to the lack of elctrostatic repulsion between their
hydrophilic head groups.
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As seen in Figure 7, a deviation from the theoretical DLVO curve is
found for h < 40 nm. The obtained higher values compared with the
DLVO predictions can be attributed to the action of additional non-
DLVO repulsive forces in the R1 foam films. Possibly, these forces
originate from the change of the molecular configuration of the surfac-
tant in the film due to the above-discussed aggregation process.

In order to get more insight into the nature of these non-DLVO
forces, we measured PðhÞ isotherms of CBF formed from R1 solutions
of Cel ¼ 0.15 mol dm�3 NaCl. Figure 8 shows the obtained curves from
two separate experiments carried out on different days. Each isotherm
was repeated twice to ensure the reproducibility of the experiment.

As seen in Figure 8, the starting points of both isotherms obtained
in the Scheludko�Exerowa cell (Figure 2a) at a pressure of 25 Pa
coincide at h ¼ 9:7 nm. An increase in pressure, however, leads in both
cases to steplike film thinning. Although the effect seems rather irre-
producible, when both measurements are compared we can see that
the film thinning process follows the same trend. In curve 1 the initial

FIGURE 8 P(h) isotherm of common black foam films stabilized with R1 aque-
ous solutions. Cs ¼ 5 � 10�4 mol dm�3 R1. Cel ¼ 0:15 mol dm�3 NaCl, T ¼ 22�C.
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slight increase in pressure causes a decrease in h of 1.2 nm. After sev-
eral minutes a discrete decrease of h of about 2 nm is observed. After
that h remains practically constant with the increase in P up to
7� 103 Pa. At that pressure, however, another step to a thickness of
4 nm corresponding to the thickness of NBF is observed. Further
increase of applied pressure leads to the rupture of the film. During
the second experiment (curve 2) initial decrease of h with increase of
the applied pressure is observed, followed by a range of constant h
values and again to a steplike transition to films of h ¼ 4:8 nm.
Although this film ruptures at lower pressure than that observed in
curve 1, the step in the curve occurs at the same P.

Stepwise thinning (or stratification) of black films with one conse-
cutive transition from one metastable state to another has been
described in a number of studies starting with Johonnott [46] and
Perrin [47]. Such a phenomenon has been observed in thin liquid films
stabilized with various types of surfactants [14, 17, 48�53], including
the specific case of a foam film from aqueous micellar solutions of
surfactant mixtures containing an organic phase [53] and also in
emulsion [54] and asymmetric gas=water=oil films [55]. In most cases,
however, such thinning occurs spontaneously, under constant capil-
lary pressure for horizontal films and gravitional field for the vertical
films. Steplike decrease of h of foam films formed from aqueous
solutions containing sodium dodecylsulphate at concentrations above
the CMC with increase of the imposed pressure has been demon-
strated by Bergeron and Radke [14]. In these studies, however, the
stepwise decrease of film thickness occurred in the range of very low
P (40�60 Pa).

A discrete film thinning under the action of imposed capillary press-
ure is described in a previous study of microscopic horizontal foam
films of the phospholipid fraction of lung surfactant formed from
water�ethanol solutions [17]. Similar to the present case, irreproduci-
bility of the pressure of film rupture and the corresponding h has been
observed. It is speculated that this stepwise decrease of h is due to the
existence of lamellar structures in the film. With the increase of the
applied pressure, these structures are being ejected and films of lower
thickness are obtained.

It is quite possible that the steplike PðhÞ isotherms evidence lamel-
lar structures formed within the R1 films as well (Figure 9); moreover,
the existence of lamellar rhamnolipid structures has been found and
studied [38]. These PðhÞ isotherms distinguish the R1 films from those
formed from the R2=R1 ¼ 1.2 mixture [29], where the obtained PðhÞ
isotherm at Cel ¼ 0.15 mol dm�3 displays a very slight decrease of
h from 10 nm to 8 nm with increase of P to pressures higher
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than 4� 104 Pa. Besides, within the experimentally studied P range
the R2=R1 ¼ 1.2 film did not rupture. Probably in that case the differ-
ent saccharide head groups of the adsorbed rhamnolipids determine
different organization and composition of the adsorbed layers.
Additional evidence of such effects is the formation of stable NBF from
10�4 mol dm�3 R2=R1 ¼ 1.2 solutions, while R1 solutions form stable
NBF only above Cs ¼ 3� 10�4 mol dm�3 R1.

We also performed measurements of PðhÞ isotherms of foam
films obtained at Cel ¼ 1 mol dm�3 NaCl where NBFs are obtained.
The results showed that the increase of the applied pressure to
1� 103 Pa did not lead to any change of the film thickness, thus
corroborating the bilayer structure of these films.

CONCLUDING REMARKS

The information obtained from the present studies of foam films
formed from solutions of a single rhamnolipid contributes to the
understanding of the nature of the surface forces in rhamnolipid
foam films. The obtained results show that DLVO surface forces are

FIGURE 9 Lamellar structures formed in CBF of R1.
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operative in CF and CBF. The comparison of experimental data with
the DLVO theoretical predictions yields a potential of the diffuse elec-
tric layer of about 50 mV and a surface charge density of 5 mC m�2.
The deviations from the theoretical predictions, found for films thin-
ner than 40 nm, are attributed to additional non-DLVO types of sur-
face forces. The experimental PðhÞ isotherms obtained for the CBF
show that, most probably, these additional surface forces result from
an aggregation process, leading to the formation of lamellar structures
in the foam film. This consideration is in accordance with previous stu-
dies of rhamnolipids [26] as well as with the recent studies [56] that
evidence the formation of premicellar aggregates of fatty acids even
at very low concentrations. According to Kanicky and Shah [56], at
the pKa where half of the fatty acid molecules are ionised the strong
ion�dipole interaction between the adjacent carboxyl groups leads to
the formation of ion�dipole-stabilized complexes (generally referred
to as acid soaps). As our research was conducted at a pH where about
60% of the R1 molecules are ionized similar aggregation behavior is
quite possible, although the concentration of R1 used in the present
study is higher than the CMC [34]. In this respect it is expected that
our future studies dealing with the effect of pH on the properties of
rhamnolipid foam films will provide further and unambiguous infor-
mation on the nature of surface forces operative in different types of
rhamnolipid foam films.
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