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Abstract We directly measure, for the 
first time, disjoining pressure 
isotherms for asymmetric oil/aqueous 
surfactant/gas (i.e., pseudoemulsion) 
films using a modified version of the 
porous-plate technique first 
developed by Mysels in conjunction 
with thin-film interferometry. 
Dynamic film-thinning experiments 
are also performed on individual 
foam and pseudoemulsion films. At 
SDS surfactant concentrations above 
the critical micelle concentration 
(CMC) (0.1 M SDS), the 
pesudoemulsion films exhibit the 
same step-wise layer thinning 
observed in foam films under similar 
conditions. Further, we conduct 
dynamic thinning experiments on 
solid/liquid/gas systems and show 
that aqueous 0.2 M CTAB films 
sandwiched between glass and air also 
display discrete thinning transitions. 
All of these stratification transitions 
arise from oscillations in the 
disjoining pressure isotherm, 
generated by amphiphilic structuring 
within the film. 

For 0.1 M SDS dedecane/air 
pesudoemuslion films, the slope and 
peak height of the disjoining-pressure 
oscillations increase with each 
subsequent amphiphilic layer as film 
thickness decreases. Magnitudes of 
the structural forces are low 
( < 100 Pa) but the length scale of the 
oscillations is large (,-- 10 nm) and 
rather far reaching ( ~  50 nm). 
Moreover, for 0.1 M SDS solutions, 
the capillary pressures associated with 
film rupture are significantly lower for 
pseudoemulsion films ( ~ 0.1 kPa) 
when compared to foam films 
( ~  15 kPa) at equivalent conditions. 
Taken together, our dynamic thinning 
and equilibrium disjoining pressure 
measurements indicate that 
stratification in 0.1 M SDS films has 
little effect on both kinetic and 
thermodynamic films stability. 
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Introduction 

Thin-liquid film stability is an important physical phe- 
nomenon in surface and colloid science as it arises from 
fundamental intermolecular interactions within confined 
geometries. Furthermore, because liquid films are present 

in many different processes, their stability character- 
istics are also important from a practical point of view. For 
example, ore floatation and oil recovery operations de- 
pend on control and manipulation of all the thin films 
present. This includes both symmetric (e.g. foam and emul- 
sion, including oil-in-water and water-in-oil) and asym- 
metric (e.g., gas/water/oil and gas/liquid/solid) films. 
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The fundamental property that gauges the thermodyn- 
amic stability of thin-liquid films is the disjoining pressure, 
fl(h), which measures the interaction force (per unit area) 
between two macroscopic bodies as they approach one 
another.//is a function of the intervening film thickness, h, 
and can be either positive (disjoining) or negative (conjoin- 
ing). Highly positive disjoining pressures imply strong 
repulsive forces between the bodies and a stable film, 
whereas negative attractive forces produce unstable films. 

Previously, the vast majority of work on thin-liquid 
films, both experimental and theoretical, has focused only 
on symmetric films. The framework for these studies ori- 
ginates from the research performed in the middle of this 
century by Derjaguin [1] and Scheludko [2]. Their 
achievements are encompassed in the well-known DLVO 
theory. DLVO theory describes the forces that act between 
two bodies as resulting from electrostatic repulsive forces 
that tend to stabilize the intervening film, and Lon- 
don-van der Waals dispersion forces which are typically 
attractive and destabilize films. This theory has been suc- 
cessful in the past for simple systems, but it does not 
account for any structural forces that may arise within the 
film. More specifically, it fails to incorporate forces arising 
from self-assembling structures that can occur in systems 
containing surfactant above the critical micelle concentra- 
tion (CMC). 

Recently, Bergeron and Radke [3] experimentally 
quantified an equilibrium structural component to the 
disjoining pressure for foam films containing sodium 
dodecyl sulfate, SDS, at concentrations well above the 
CMC. They showed that the form of the disjoining pres- 
sure isotherm in these systems can be rather complex, 
revealing an oscillatory component that extends to film 
thicknesses larger than 50 nm. Similar data have also been 
recently reported by Richetti and K6kicheff (4) for aqueous 
micellar films of cetyltrimethylammonium bromide, 
CTAB, formed between CTAB-coated mica surfaces in 
a Surface Force Apparatus, SFA. Disjoining pressures in 
the SFA measurements are significantly higher than those 
in foam films, but, the same qualitative observations are 
reproduced. This suggests that the oscillatory component 
originates from the same physical processes and that the 
behavior is somewhat universal. It remains to be seen 
whether or not oscillatory forces are produced in asym- 
metric systems and what the magnitude of these forces 
might be. 

Of particular interest are asymmetric aqueous films 
formed between a gas and an oil phase. Such three-phase 
(oil/water/gas) surfactant-laden films are called 
pseudoemulsion films [5] and are critical in enhanced oil 
recovery operations that use foam as an injection fluid 
[6, 7]. For example, there is considerable evidence that the 
stability of bulk and porous-media foam in contact with 

oil is controlled by the thermodynamic stability of 
pseudoemuslion films [6, 7, 8]. Conversely, there is specu- 
lation that supramolecular structuring, generated during 
the dynamics of film thinning, and referred to as film 
stratification, contributes to the stability of pseudoemus- 
lion films [5, 9]. Measurements of disjoining pressures are 
needed to quantify the forces generated in stratifying films. 
Bergeron and Radke [10] have confirmed stratification in 
pseudoemulsion films containing surfactant above the 
CMC, but, disjoining forces were not measured in that 
study. 

Our objective is to quantify any long-range oscillatory 
forces in asymmetric thin-liquid films at surfactant concen- 
trations above the CMC. We measure directly the disjoin- 
ing pressure iostherm for dodecane/air pseudoemulsion 
films made from aqueous solutions of SDS. Disjoining- 
pressure measurements, together with film-thinning ex- 
periments on the same systems determine the importance 
of supramolecular structuring on both equilibrium and 
dynamic film stability. Experimental conditions are care- 
fully selected so that a direct comparison between foam 
and pseudoemulsion films can be made. Finally, we con- 
duct film-thinning experiments on asymmetric gas/ 
aqueous/solid films and demonstrate that these films also 
display stratification akin to that observed in foam and 
pseudoemulsion films. 

Experimental 

Apparatus 

The experimental cell used to investigate pseudoemulsion 
films utilizes the porous-plate technique, originally de- 
veloped by Mysels Ell] and more recently refined by 
Exerowa et al. [-12] for measuring disjoining pressures in 
aqueous foam films. Single, isolated thin-liquid films are 
formed in a specially designed hole, bored through a sin- 
tered glass disk that has been fused to a 4-ram I.D. capil- 
lary tube. This holder is placed in a 200-cm 3 hermetically 
sealed Plexiglas cell, as shown in Fig. 1. Liquids in the cell 
are configured such that the less dense oil phase floats on 
top of the aqueous surfactant solution that is under inves- 
tigation. This ensures equilibrium between the oil and 
solution phase during the course of the experiment. A syr- 
inge port at the bottom of the cell is used to regulate the 
amount of solution in the cell, thereby changing the hori- 
zontal level of the oil-gas interface. Once the oil level is 
raised to the base of the porous-glass frit, which has been 
presaturated with surfactant solution, a pseudoemulsion 
film can be formed by dropwise addition of aqueous sur- 
factant solution through a syringe port located above the 



Colloid Polym Sci (1995) 273:165-174 167 
�9 Steinkopff-Verlag I995 

Oil Phase 

Pr "reference 
pressure 

I [ 

Rwg 

gas 
aqueous film 

Fig. 2. Pseudoemulsion film porous-disk holder 

:!i ii!ili  Temperature 
J .cke ,  

Fig. 1. Schematic of experimental cell. 

film holder (see Fig. 1). Drops must be added carefully 
to prevent unwanted emulsification of the oil during film 
formation. 

Accurate thickness and disjoining pressure measure- 
ments require plane-parallel thin-liquid films. For flat 
foam films in equilibrium, the disjoining pressure, /7, 
equals the capillary pressure, Po, and can be measured 
directly: 

Pc = Pg - -  Pw = / 7  (h), (1) 

where Pg is the gas pressure, and Pw is the hydrostatic 
pressure in the Plateau border region. However, as illus- 
trated in Fig. 2, to control capillary-induced curvature and 
produce plane-parallel pseudoemulsion films, the geo- 
metry of the hole used in the porous film holder is crucial. 
Flat films demand that the pressures on the gas and oil 
sides of the film be equal. This criterion leads to the 
following relation: 

2O'wg 2aow 
Pc = Pg - Pw = Po - Pw - Rwg - Row ' (2) 

where Pi is the pressure in phase i, and alj is the tension 
between phases i and j, with the subscripts g, o, and 
w corresponding to gas, oil, and water (i.e., aqueous surfac- 
tant solution) phases, respectively. Rwg is the radius of 
curvature in the Plateau border region at the gas/water 
interface while Row is the radius of curvature at the 
oil/water interface. To satisfy Eq. (2) when the surface 

tension, O'wg , differs from the interfacial tension, aog, we 
must carefully construct the film holders such that the 
curvature in the Plateau border region will compensate for 
the tension difference. That is, differences in Rw~ and Ro,~ 
offset tension-induced bowing of the film. 

How to accomplish this is pictured in Fig. 2. The 
porous flit is machined with diamond-studded drill bits to 
produce a frit geometry that generates relative curvature 
differences between the two Plateau border regions. This 
difference in curvature compensates for the tension differ- 
ence and permits plane-parallel films in the center of the 
hole. Verification of a flat-film region is achieved by scan- 
ning the film-thickness over the entire region, to guarantee 
uniform readings. We also use visual observations from 
a video camera and in some cases employ Michelson 
interferometry (via an Ealing Electro-optics interference 
objective Model 25-0092) to measure the topography of 
the solution-air interface [13]. The exact hole geometry is 
determined by trial and error. Often different geometries 
are required to maintain plane-parallel films over a large 
range of capillary pressures. Generally, smaller hole dia- 
meters are required for higher pressures. 

Films thickness 

Film thicknesses are determined by the microinterferomet- 
ric technique first developed by Scheludko [2, 14]. An 
indicent-light microscope, utilizing a heat-filtered 200 W 
Hg-Xe light source and equipped with two fiber optic 
probes (EG&G Gamma Scientific, Model 700-10-34A 
& - 37A), is used to monitor the intensity of reflected 
light from the film at a zero angle of incidence. The probes 
measure spot sizes of 14 and 45 ktm and can be translated 
across the film to ensure a uniform film thickness. To 
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provide independent verification of the thickness, two dif- 
ferent wavelengths (i.e. 546 and 665 nm) are monitored 
simultaneously with two highly sensitive photomultiplier 
tubes (RCA C3103402) mounted in thermoelectrically 
cooled housings (Products for Research Model TE-104). 
Additional details of the experimental apparatus can be 
found elsewhere [-3,13]. 

By assuming a homogeneous film and neglecting ab- 
sorption of light, we derive an expression to extract an 
optical thickness from the light reflected by film: 

When equilibration with oil is required, solutions are aged 
for 3 days prior to use. We also use cetyltrimethylam- 
monium bromide, CTAB, from Fluka and a commercial 
alpha olefin sulfonate that has a carbon chain length 
between 14 and 16, AOS 1416, supplied by Shell. No 
attempts were made to characterize their purity. Dodecane 
( > 99%) is obtained from Aldrich and is also used with no 
additional purification. All solutions are prepared with 

 arccosJ ( 
1 - A  

(1 -r~)(1 --rE) Zl --(1 + r~r~)I" 

1 J \ l + r l r 2 J  \ l - r l r 2 J  ] \ l - r ~ r 2 J  / 

(3) 

where A = (I - Imin)/(l -- Im,x), rl = (nw -- ng)/(nw -1- rig), 
r 2  = ( n o  - -  nw)/(no + nw), ni is the refractive index of phase 
i, hw is the film thickness calculated assuming a homogene- 
ous refractive index equal to the bulk solution value (i.e., 
nw = 1.33), and 2 is the wavelength of light. I is the value of 
the reflected intensity while/max and Imin correspond to the 
interference maximum and minimum values. Equation (3) 
reduces to the standard optical model used for foam films 
by replacing A with (1 - A), to account for the difference in 
optical phase shifts, and by setting rl = - r2 [13], Fol- 
lowing Duyvis [15], an additional modification to the 
optical model is used to account for adsorbed surfactant at 
the film interfaces. However, since the refractive index of 
the surfactant tails closely matches that of the organic 
phase (dodecane) we apply the Duyvis optical correction 
for adsorbed surfactant layers to the air-film interface only. 
This two-layer treatment is consistent with the so-called 
three-layer model used for foam films; the corrected thick- 
ness is designated by h. The aqueous core thickness can be 
estimated from hw by subtracting off ~ 1.2 nm from the 
adsorbed surfacant layer. Independent measurements of 
the film thickness with two different wavelengths agree to 
within + 0.8 nm. 

Materials 

Three different surfactants are utilized in this study. 
Kodak electrophoresis grade ( >  99%) sodium dodecyl 
sulfate, SDS, is used with no further purification. Surface 
tension versus concentration measurements on this surfac- 
tant reveal a shallow minimum around the CMC indicat- 
ing trace amounts of impurities. Furthermore, SDS in 
aqueous solutions hydrolyzes to produce dedecanol as an 
impurity [16]. Therefore, solution age is carefully 
monitored so that meaningful comparison can be made. 

distilled water that is further purified with a four-stage 
Milli-Q reagent grade water system from Millipore. 

Procedure 

Equilibration between the oil and aqueous surfactant 
phase is accomplished by placing the less dense oil 
(dodecane) on the surface of the surfactant solution fol- 
lowed by gentle stirring from below with a magnetic stir 
bar. These conditions are maintained for at least 2 days 
before the phases are carefully separated and used for the 
disjoining pressure measurements. Once equilibrated, the 
separate phases are transferred to the measurement cell 
depicted in Fig. 1. To avoid stray reflections from the 
oil-aqueous solution interface during the experiment, the 
oil-layer thickness in Fig. 1 should exceed 2 cm. 

After saturating the film holder with surfactant solu- 
tion, a thick pseudoemulsion film is formed using the two 
syringe ports, as described earlier. To maintain vapor- 
liquid equilibrium throughout the experiment, surfactant 
solution is also placed in the gas phase and positioned 
close to the film. The gas pressure in the cell is then 
alternately increased and decreased slowly with a syringe 
to produce films that are locally plane-parallel, as ob- 
served visually, and that have thicknesses of the last inter- 
ference maximum (Imsx) and minimum (/min) needed in 
Eq. (3). As an added precaution, Imin and /max values are 
carefully redetermined upon the conclusion of each experi- 
ment. After determining the interference extrema, the cell 
pressure is set to the desired value, and the capillary 
pressure exerted on the film is measured directly with 
differential pressure transducers (Omega Model 
P X 7 5 0 - 0 6 D I  + 0.5Pa). In order to establish and 
measure accurate differential pressures below 100 Pa, the 
reference pressure, Pr in Fig. 1, must be isolated from 
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external fluctuations [-13]. The reflected intensity of light 
from the film is monitored continuously and once equilib- 
rium is established, the intensity and capillary pressure are 
recorded. For flat films in equilibrium, the capillary pres- 
sure equals the disjoining pressure. Therefore, we obtain 
the entire disjoining pressure isotherm by carefully in- 
creasing or decreasing the gas pressure in the cell. 

Dynamic film thinning experiments are performed in 
an analogous manner. We subject a biconcave lens, formed 
in the film holder, to a step increase in the capillary 
pressure and hold it at a constant value. The evolution of 
film thickness versus time is then followed interferometri- 
cally, as outlined above. Additional experimental details 
can be found elsewhere [3, 13]. 

R e s u l t s  

Film thinning 

A typical photocurrent versus time interferogram for 
a dodecane/air pseudoemulsion film exposed to a ~ 50- 
Pa capillary pressure is reproduced in Fig. 3. This particu- 
lar film contains 1 wt% AOS 1416, which is well above the 
CMC. Also, 1 wt % glycerol is added to the aqueous phase 
to slow thinning and enhance the quality of the interfero- 
gram. We have verified that glycerol does not qualitatively 
affect stratification for this system. Since photocurrent is 
a direct measure of thickness, this curve represents 

Fig. 3. Typical pseudoemulsion film interferogram 
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the thinning behaviour for the film. The pronounced hori- 
zontal portions of the interferogram confirm that 
pseudoemulsion films undergo the same step-wise layer 
thinning previously observed in foam and emulsion films 
containing surfactant above the CMC [3, 17-31]. Al- 
though the interferogram shows only two distinct 
transitions, simultaneous video observations from a cam- 
era attached to the microscope confirm that two layers 
passed the optical probe after 2.5 rain of thinning. There- 
fore, the transition from 51.9 nm to 26.3 nm actually cor- 
responds to two transitions in quick succession. Thus, we 
find a total of three transitions for this system. It can also 
be noted that the photocurrent for a pseudoemulsion film 
rises as the film thins instead of declining as in symmetrical 
films (i.e, foam or emulsion). This simply arises from the 
differences in optical phase changes that take place upon 
reflection at the two interfaces. Consequently, 
pseudoemulsion films below 50 nm in thickness appear 
white while symmetrical films of comparable thickness 
appear black. An example of this is provided in Fig. 4. 
Here, we picture both a foam and pseudoemulsion film, 
photographed from the video monitor, as they undergo 
a thinning transition from 26 nm to 16 nm. This picture 
clearly shows the difference produced by the optical phase 
shifts while also revealing the striking similarities in the 
layer-transition process between foam and pseudoemul- 
sion films. As detailed account of the transition dynamicsl 
depicted in Fig. 4, has recently been given by Bergeron et 
al. [32]. 

In addition to our observations on pseudoemulsion- 
film stratification, we also find that asymmetric 
gas/water/solid films can display multilayer thinning 
when stabilized with surfactant well above the CMC. By 
performing thinning experiments similar to those outlined 
above on aqueous CTAB films (0.2 M), sandwiched be- 
tween air and glass, we observe behaviour extremely sim- 
ilar to that found for pesudoemulsion films. When these 
films are exposed to a ~ 50 Pa capillary pressure non- 
monotonic thinning (multiple white films) starts to occur 
at approximately 50 nm with as many as five layers being 
removed before an equilibrium thickness is established. 

In Fig. 5, we directly compare the thinning behavior 
between stratifying (above the CMC) and nonstratifying 
(below CMC) foam films stabilized with aged (3 days) SDS. 
The dark circles in the figure correspond to a 0.1 M SDS 
solution, which is significantly above the CMC (0.008 M), 
while the open circles represent data for a 0.005 M SDS 
solution. Both films are kept at a constant film radius of 
0.2 mm and a constant capillary pressure of 65 Pa. To 
achieve these conditions, different film holders, having 
holes bored with slightly different aspect ratios are re- 
quired for each film. Lines are drawn in the figure to 
provide visual continuity of the data. 
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Fig. 5. Dynamic thinning curves for stratifying and non-stratifying 
SDS (aged) foam films 
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Fig. 4. Photomicrograph of layer transition for thinning 0.1 M SDS 
(aged) foam and dodecane/air pseudoemulsion films 

The 0.1 M data display three distinct transitions in film 
thickness starting at 60 nm. Each transition corresponds 
roughly to a 10 nm decrease in thickness which agrees well 
with literature values [24, 26, 27]. Eventually, the film 
reaches a metastable equilibrium thickness of 22 nm. Data 
for the 0.005 M SDS solution start around 50 nm, when 
the film becomes visually plane-parrallel, and exhibit 
smooth monotonic thinning behavior to an equilibrium 
.thickness of 36 nm. If we define the film drainage time, td, 
by the time required to reach a (metastable) equilibrium 
thickness from 60 nm, we find that ta = 190 s for the 0.1 M 
film and 260 s for the 0.005 M film. 

Disjoining pressure measurements 

The disjoining pressure isotherms for both foam and 
pseudoemulsion films generated from 0.1 M, fresh (several 
hours) SDS solutions are displayed in Fig. 6. This concen- 
tration of SDS is well above the CMC, but only produces 
spherical micelles in the bulk aqueous solution. The open 
circles represent data for a foam film made from a fresh 
SDS solution, while filled circles correspond to 
a dodecane/air  pesudoemulsion film. Both isotherms re- 
veal four distinct branches, the thickest at 50 nm followed 
by subsequent branches that repeat at regular intervals of 
approximately 10 nm as film thickness decreases. We also 
find that the transition pressure (i.e, the maximum pressure 
reached before the transition to the next stable branch) 
increases as the film becomes thinner. Gaps in the data 
between branches identify thermodynamically unstable re- 
gions of the isotherm where the slope, OH/Oh, is positive 
[33]. The arrow in Fig. 6 indicates that the final branches 
at approximately 16 nm continue to even higher disjoin- 
ing-pressure values. This high-pressure extension of the 
isotherms is presented in Fig. 7. 

The pressure scale in Fig. 7 is changed to kPa, and the 
ordinate is plotted on a logarithmic scale, otherwise the 
symbols and the experimental conditions used in Fig. 7, 
are identical to those in Fig. 6. Data for the pseudoemul- 
sion film terminate around 0.2 kPa, corresponding to rup- 
ture of the film. The foam film, however, remains stable 
beyond 10 kPa and its rupture pressure exceeds the high- 
est pressure experimentally accessible with our apparatus. 
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Fig. 6. Low-pressure region of 
the disjoining pressure isotherm 
for 0.1 M SDS (fresh) foam and 
dodecane/air pseudoemulsion 
films 
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Fig. 7. High-pressure region of 
the disjoining pressure isotherm 
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At the higher pressures, a Newton black film approxi- 
mately 4.5 nm thick does exist for this foam system, but we 
have not characterized it quantitatively. 

Discussion 

The comparison in Fig. 5 reflects how thinning behavior is 
influenced by the form of the disjoining pressure isotherm. 
The connection becomes apparent when we consider the 
driving force for film thinning, Pc-II(h). The H(h) isotherm 
for the 0.1 M SDS solution is oscillatory with a series of 
unstable (~H/~h > 0) regions approximately spaced at 

10 nm intervals (See Fig. 6). The onset of these regions 
corresponds precisely to the sharp transitions (i.e., stratifi- 
cation) observed in Fig. 5. Transitions shown by the inter- 
ferogram and the micrographs in Figs. 3 and 4, respective- 
ly, arise from the same conditions. Conversely, the 0.005 
M solution used in Fig. 5 has a monotonically increasing 
disjoining pressure and the film thins uniformly to its 
equilibrium thickn'ess. 

Although the 0.005 M SDS films rupture at lower capil- 
lary pressures (i.e, are less stable ) than 0.l M films, they 
actually thin more slowly to thicker equilibrium films 
under the present conditions. Again, this behavior reflects 
the form of the disjoining pressure isotherm. 0.1 M films 
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have a higher ionic strength which lowers the Debye 
length and the distance for interaction between the interfa- 
ces. This allows the 0.1 M films to thin faster. In this case, 
force barriers, generated by surfactant structuring, are too 
low to affect significantly the driving force, Pc-H(h). The 
oscillatory component to the disjoining pressure curve is 
small and has little effect on thinning dynamics except at 
very low Pc. Furthermore, structuring in the 0.1 M SDS 
films does not appear to increase the viscosity of the fluid 
in the film. Our dynamic thinning measurements for 0.2 M 
CTAB gas/aqueous/solid films also confirm this result 
which is further supported by recent theoretical findings 
1-34]. 

Increases in the ionic strength for the, higher surfactant 
concentration lead to a higher adsorption of surfactant at 
the interface and provide the 0.1 M films with stronger 
short-range repulsive forces that stabilize the film. This 
explains the increased stability over the 0.005 M films. 
Film stability is inevitably derived from the repulsive for- 
ces that generate the common and Newton films. Dynamic 
interfacial properties may also contribute to the kinetic 
stability of a film [35, 36], but in the present case time 
scales for thinning are sufficiently long to establish an 
equilibrium configuration [3]. 

Figure 6 clearly demonstrates that the ogcillatory com- 
ponent of the disjoining pressure isotherms, for the foam 
and pseudoemulsion films studied, is practically identical. 
In both cases, the negatively sloping region of each oscilla- 
tion in the isotherm is carefully scanned by increasing and 
decreasing the capillary pressure while remaining on one 
individual branch. This confirms that films existing in 
these regions are indeed in a metastable equilibrium state. 

Previously, stratifying behavior in foam films has been 
attributed to either repeating units of surfactant bilayers 
[24, 26] or to a cubic lattice of ordered micelles 1-27]. These 
same concepts can be applied to explain the origin of the 
oscillatory component measured in Fig. 6. In fact, Laso 
[34] has recently used density functional theory (DFT) to 
calculate oscillatory disjoining pressures from aqueous 
micellar solutions. These calculations support the supposi- 
tion that micelles order within the film. 

Although no direct evidence exists for micellar struc- 
turing, Wasan et al. [31] have shown that films containing 
latex spheres produce stepwise thinning behavior similar 
to that observed in micellar films. However, neutron reflec- 
tion experiments at the air-water interface of an SDS 
solution above the CMC also suggest structures that may 
have bilayer-like character [37]. Further evidence for bi- 
layer structuring is also found by Exerowa and Lalchev 
[38], who measure step wise transitions in the disjoining 
pressure isotherm for multicomponent foam films which 
contain phospholipids. It seems likely that both types of 

structuring (micellar and bilayer) are possible and may not 
be mutually exclusive [3]. The particular form of self- 
assemblage depends strongly on the type and concentra- 
tion of surfactant present as well as other system para- 
meters that commonly affect bulk phase behavior. 

Disjoining pressure data in Fig. 6 involves both sys- 
tems equilibrated with oil (pseudoemulsion films) and 
those that are oil free (foam films). The excellent agreement 
shown in Fig. 6 between foam and pseudoemulsion film 
data indicates that oil solubilization does not significantly 
affect film stratification under the conditions we have 
tested. In fact, the presence of oil seems to reduce SDS 
aging effects [3-1. We expected the pseudomulsion films to 
compare more closely to aged SDS foam films, because 
phase equilibration allows the surfactant solution to age 
and produce dodecanol via SDS hydrolysis. Instead, more 
favorable agreement is found with foam films made from 
fresh solutions, as seen in Fig. 6. Apparently, during equili- 
bration the oil (dedecane) scavenges dodecanol produced 
by SDS degradation, thereby lowering alcohol con- 

taimination of the interfaces. 
Once the films in Fig. 6 thin below 20 nm no further 

evidence for surfactant microstructures remains and con- 
tinued increases in pressure eventually lead to rupture of 
the film. Figure 7 reveals that the pressure required to 
rupture SDS pseudoemulsion films is lower than that for 
SDS foam films by at least two orders of magnitude. 
Further, in both cases film-rupture pressures ( ~ kPa) are 
significantly higher than the branch-transition pressures 
(,,~ Pa) measured in Fig. 6. This suggests both that SDS 
pseudoemulsion films are less stable (i.e, they rupture at 
a lower Pc) than their foam counterparts, and that overall 
film stability is not significantly influenced by film stratifi- 
cation. 

The lower stability of pseudoemulsion films demon- 
strated in Fig. 7 cannot be explained by simple application 
of DLVO theory. Surface tension versus SDS concentra- 
tion data indicate that adsorption of surfactant at the 
air-water and oil-water interface is essentially the same 
( ~  3.5 • 10-1~ mol/cm z) [39]. Consequently, we expect 
the surface charge density to be similar at both interfaces. 
This in turn should produce the same repulsive electro- 
static component to the disjoining pressure isotherm. 
Within the framework of DLVO theory we must also add 
a contribution to the disjoining pressure from Lon- 
don-van der Waals dispersion forces. For the dodecane/ 
water/air system, we find that this contribution helps to 
stabilize the pseudoemulsion film (i.e., negative Hamaker 
constant) while the foam films are destabilized (i.e, positive 
Hamaker constant) [40]. Therefore, simple application of 
DLVO theory predicts that our pseudoemulsion films are 
more stable than foam films. This is quite the opposite of 
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experimental observations. The same conclusion is also 
reached if we incorporate an adsorbed surfactant/oil layer 
at the interface into the DLVO model [41]. 

A possible explanation for decreased pseudoemulsion 
film stability is that the so-called hydrophobic force may 
be operative in these films. Recently, it has been shown 
that hydrophobic interfaces display attractive forces much 
greater than those predicted by DLVO theory [42]. Al- 
though anionic surfactant is adsorbed at the oil-water 
interface in our pseudoemulsion films, the presence of 
dodecane does suggest a much higher hydrophobie envi- 
ronment than in foam films. This may lead to attractive 
forces similar to those observed at other hydrophobic 
interfaces. Unfortunately, no definitive explanation for the 
hydrophobic interaction exists. 

Summary 

Asymmetric films formed from aqueous surfactant solu- 
tions above the CMC undergo film stratification analog- 
ous to that observed in foam and emulsion films. Thinning 
experiments on dodecane/air  pseudoemulsion films made 
from anionic surfactant solutions of 1 wt % AOS 1416 dis- 
play three discrete thickness transitions. Similarly, aque- 
ous 0.2 M CTAB films sandwiched between glass and air 
produce as many as five transitions. Although white in- 
stead of black (due to optical phase changes upon reflec- 
tion at the interfaces), these multilayered films arise from 
the same supramolecular ordering produced in symmetric 
micellar films. 

We also measure the disjoining pressure isotherms for 
dodecane/air  pesudoemulsion films stabilized with 0.I M 
SDS, which is well above the CMC. These measurements 

reveal, for the first time, an equilibrium oscillatory com- 
ponent to the isotherm that extends to film thickness 
greater than 50 nm and has a periodicity on the order of 
10 nm. The oscillatory forces originate from surfactant 
structuring within the film and are responsible for the 
stepwise thinning these films display. As film thickness 
decreases, the slope and peak height of each subsequent 
branch in the isotherm increases. 

Comparison is made between disjoining pressure iso- 
therms for foam and pseudoemulsion films generated from 
0.1 M SDS solutions. At low capillary pressures, the oscil- 
latory component produced in both films is practically 
identical. The magnitude of the branch-transition pres- 
sures, and the location of transitions in film thickness are 
essentially the same. However, the high-pressure region of 
the isotherms indicates that pseudoemulsion films rupture 
at significantly lower capillary pressures (0.2 kPa) than 
their foam counterparts ( > 10 kPa). This observation is 
consistent with the finding that foam is destabilized by oil, 
as found previously in bulk foam and porous-media tests 
[5-9].  Our data indicate that film stability results from the 
repulsive common and Newton film branches of the iso- 
therm and that stratification only influences film thinning 
when the imposed capillary pressure is very low. Other- 
wise, forces generated by surfactant structuring in 0.1 M 
SDS films are too small to affect significantly the stability 
of the film. Other stratifying systems seem to produce 
more significant forces [38, 43] which may result from 
different types of macrostructuring in the film. 
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