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Chapter 3   
 
Role of Hydrophobic Forces in the Thinning of the Foam Films  
in the Presence of Sodium Dodecyl Sulfate 

 
 

Abstract 

The thin film pressure balance (TFPB) technique was used to study the kinetics of 
film thinning in the presence of sodium dodecyl sulfate (SDS) and sodium chloride 
(NaCl). The experimental results were compared with the predictions of the Reynolds 
equation. During the initial stages, the film thinning was controlled by the capillary 
pressure. As the film thickness is reduced, the process is controlled by surface forces. The 
thickness at which the surface forces begin to control the film thinning process varies 
with the surfactant and electrolyte concentrations. At low surfactant and electrolyte 
concentrations, there was an excellent fit between the film thinning experiment and the 
Reynolds equation corrected for the contributions from the hydrophobic forces to the 
disjoining pressure. In the present work, the magnitudes of the hydrophobic forces were 
determined from the equilibrium film thicknesses using the TFPB technique. At low 
surfactant and high electrolyte concentrations, where it was difficult to determine the 
equilibrium film thicknesses, contributions from the hydrophobic forces were determined 
by fitting the film thinning data to the Reynolds equation. The hydrophobic forces 
determined in the present work decreased with increasing SDS and NaCl concentrations. 
It may, thus, be the role of surfactant and electrolyte to dampen the hydrophobic force 
and thereby to retard the film thinning process.   
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3.1 Introduction 

Foams have a wide range of industrial applications such as tertiary oil recovery, 
drilling, froth flotation, foam fractionation, food, personal care products and solid foams, 
etc. Control of foam stability is of critical importance in many of these applications. 
Therefore, it would be of interest to better understand the various factors affecting the 
stability of foams and froth. Froth is a three-phase foam in which particles are dispersed. 

Foam is a dispersion of gas bubbles in a liquid. When the gas fraction is high, the 
bubbles contact with each other and deform, creating lamellae and plateau boarders 
between the bubbles in contact. The large surface area of the bubbles (or lamellae) in a 
foam represents high surface free energy. Therefore, it is necessary to expend energy to 
create bubbles and foams. Conversely, foams are thermodynamically unstable because of 
the high energy. Various surfactants are used to produce and stabilize aqueous foams. 
Surfactant adsorption at the air/water interface lowers the energy of the system, which in 
turn reduces the energy required to produce foam and increases thermodynamic stability. 
When using an ionic surfactant, the surfactant adsorption also increases kinetic stability 
by increasing the electrostatic repulsion between the two air/water interfaces of a lamella 
(or foam film) and, thereby, retards film thinning. As a foam film is thinned further below 
a critical thickness, however, it ruptures spontaneously. It is generally believed that the 
driving force for the rupture is the attractive van der Waals force. Therefore, the balance 
between the electrostatic and van der Waals forces determines foam stability, according 
to the DLVO theory. Recent investigations showed, however, that the DLVO theory fails 
to predict the stability of foam films at low surfactant concentrations (1-3). The 
discrepancy has been attributed to hydrodynamic fluctuations (4), film elasticity (5-7), 
thermal capillary waves (8-10), and/or hydrophobic force (3,11,12). In this 
communication, the hydrophobic force refers to the attractive forces observed 
experimentally in thin liquid films that cannot be explained in the framework of the 
classical DLVO theory.  

Craig et al. (13) showed that coalescence of N2 gas bubbles in water is greatly 
reduced in the presence of various electrolytes. It was suggested that the coalescence is 
caused by the hydrophobic force between two air/water interfaces, which is dampened by 
the electrolyte. Deschenes et al. (14) showed that bubble coalescence is a sensitive probe 
of hydrophobic force. They showed an excellent correlation between coalescence and 
solubility parameter (δ2), which is a measure of the hydrophobicity of solute (gas). They 
found that vacuum is the most hydrophobic “solute” possible. 

Recent studies on thin film pressure balance (TFPB) studies also showed evidence 
for the hydrophobic forces in soap films (2,3,12). In these studies, it was assumed that at 
low surfactant concentrations, equilibrium film thicknesses (He) are determined as a 
result of the equilibrium between the electrostatic, van der Waals and hydrophobic forces. 
One can then determine the magnitude of the hydrophobic force from the values of He 
measured using the TFPB technique and the electrostatic and van der Waals forces. Using 
this method, Yoon and Aksoy (3) showed that the hydrophobic force increases with 
decreasing concentration of dodecylammonium hydrochloride. Similar results were also 
obtained with sodium dodecyl sulfate (12). The method of determining the contributions 
from hydrophobic force in this manner may have a degree of uncertainty due to the 
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possible inaccuracies involved in determining the electrostatic force. Therefore, Angarska, 
et al. (11) determined the hydrophobic forces from the critical rupture thicknesses (Hcr) 
measured at a high electrolyte concentration, where the electrostatic repulsive force can 
be neglected. The results obtained with the foam films stabilized by SDS showed the 
presence of long-range hydrophobic forces with decay length of 15.8 nm, although the 
preexponential parameters are much smaller than those measured between macroscopic 
solid surfaces. 

 In the present work, the TFPB technique was used to measure the film thickness 
as a function of time, and the results were analyzed in view of the Reynolds equation. 
Assuming that film thinning is controlled by capillary and disjoining pressures, it was 
possible to determine the magnitudes of different surface forces, including those of the 
hydrophobic force, as functions of SDS and electrolyte (NaCl) concentrations. The 
results were used to discuss the possible origin of the hydrophobic force in foam films. 

 
3.2 Theoretical methods 

In this section, the method of determining surface potentials at the air/water 
interface is described, which is followed by the method of determining the contributions 
from hydrophobic force to the disjoining pressure in soap films. We then present a 
theoretical basis for studying the role of hydrophobic force in film thinning kinetics. 

3.2.1. Surface Potential at Air-Water Interface 

In the presence of electrolyte (e.g., NaCl), the surface excess (Γs) for the 
surfactant ions (DS-) was calculated using Gibbs adsorption equation from surface 
tension data. The charge density (σ0) and the apparent surface potential (ψ0) at the 
air/water interface can then be calculated using the method reported by Tchaliovska et al 
(2) and Yoon and Aksoy (3), assuming that SDS molecules are fully dissociated at the 
interface.  

It is unlikely, however, that the DS- ions are fully ionized at the air/water interface 
due to the counterions adsorbed in Stern layer. The counterion ‘binding’ should cause the 
charge density to decrease, and the net charge density, σ is equal to σ0+σc, where σc is 
the charge density of counterions (Na+) at the Stern layer. The Stern potential (ψs) was 
determined by this net charge density σ at the Stern layer, given by the following 
equation at 25oC (12):  

0)489.19sinh(2078.0 0 =−++ ψψψ ssNaClSDS CC     [3.1] 

This relation can be used to obtain the values of ψs from ψ0, the molar concentration of 
SDS (CSDS) and the molar concentration of NaCl (CNaCl). The potentials ψ0 and ψs are in 
volts. 

One can also determine the surface excess of the counterions (Γc) as follows: 
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where ε0 and εr are the permittivity of vacuum and the dielectric constant of water, 
respectively, z the ionic valency, e the electronic charge, NA Avogadro’s number, k the 
Boltzmann’s constant and T the absolute temperature. This relation is useful for 
understanding the interaction mechanism between the surfactant and the counterions. 

3.2.2. Determination of Hydrophobic Force Constant  
During the process of film thinning, two air/liquid interfaces are brought to each 

other in closer ranges. The surfaces forces emanating from both interfaces interact with 
each other and give rise to a disjoining pressure (Π).According to the DLVO theory (15, 
16), 

vwel Π+Π=Π          [3.3] 

where elΠ  and vwΠ  represent the disjoining pressures due to electrostatic and van der 
Waals forces, respectively. Many investigators (9, 17) showed that Eq. [3.3] could be 
used to predict the disjoining pressure of soap films. However, this is the case for 
relatively stable films that can be obtained at high surfactant concentrations.  

At low surfactant concentrations, thin liquid films are often less stable than 
predicted, for which several different explanations are available. These include 
hydrodynamic fluctuations (4), thermal capillary waves (8-10), and attractive 
hydrophobic force (11, 12). In the third, the long-range hydrophobic force is considered 
as a destabilizing force. In this case, the DLVO theory may be extended as follows: 

hbvwel Π+Π+Π=Π         [3.4] 

where Пhb is the disjoining pressure due to attractive hydrophobic force. In soap films, 
the first term is repulsive, while the latter two are attractive. In the absence of appropriate 
theories for the origin of hydrophobic force, the hydrophobic disjoining pressure may be 
represented as a power law (3, 18-20): 
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where K232 is a constant representing the hydrophobic interaction between two gas phases 
(or bubbles) 2 interacting with water 3 at a separation distance of H. Equation [3.5] is of 
the same form as the van der Waals force. 

Substituting the expressions for Пel and Пvw that are commonly used for soap 
films, Eq. [3.4] becomes (3): 
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where A232 is the Hamaker constant for the foam film under consideration. In the present 
work, the values of A232 were determined using the following equation, which considers 
the electromagnetic retardation effect (21): 
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in which H~  is the dimensionless distance, which is given by 

c
HnnnH eπν2)(~ 2/12
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23 +=        [3.8] 

and  
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where hP is the Planck’s constant (6.63×10-34 J·s), νe the main electronic adsorption 
frequency (3×1015 Hz), c the speed of light in a vacuum (3.0×108 m/s), H film thickness, 
n2 refractive index of air, n3 refractive index of the solution, ε2 dielectric constant of air, 
and ε3 dielectric constant of water. 

Stefan (22) and Reynolds (23) derived an expression for kinetics of thinning of 
the film between two circular flat solid disks, which is known as the Stefan-Reynolds or 
Reynolds equation. Schelukdo (9) studied the kinetics of thinning of single horizontal 
soap films and related to the Reynolds equation. Many other investigators (17, 24, and 25) 
conducted similar experiments and analyzed the results in view of the Reynolds equation:   
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where H is the film thickness, t the film drainage time, µ the bulk viscosity, R f is the film 
radius, and ∆P is the driving force. Eq. [3.10] is applicable for tangentially immobile 
films, i.e., under no slip conditions. In the present work, we used the viscosity of water 
(0.900 cP at 25 °C) (26) for µ. We also considered that the driving force for film thinning 
is determined by the following relation: 

Π−=∆ cPP          [3.11] 
where  

c
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P γ2=          [3.12]  

where γ is surface tension, rc the radius of the film holder. 

By separating the variables of Eq. [3.10] and integrating it, we obtain, 
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where ∆P is calculated from Eq. [3.11] where Π is given by Eq. [3.6], Ho and H represent 
the film thicknesses at time 0 and t, respectively. It was assumed that Rf is independent of 
H during the film thinning, which was found to be the case in the present work. Eq. [3.13] 
was used to obtain a H vs. t curve by integrating it at 0.1 nm intervals of H using the 
central scheme of the Euler integration method. The integration was carried out to fit the 
film thinning kinetics data with K232 as the only adjustable parameter.  
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3.3 Materials and Experimental Methods 

Specially pure sodium dodecyl sulfate (SDS) was obtained from BDH and 
recrystallized from ethanol. Its surface tension isotherm showed no minimum near cmc, 
indicating that the surfactant has no significant impurities. A Nanopure water treatment 
unit was used to obtain double-distilled and deionized water with a conductivity of 18.2 
MΩcm-1. A high-purity sodium chloride (99.99%) from Alfa Aesar was used as an 
electrolyte.  

The kinetics of film thinning was measured in a Scheludko cell (9, 17, 27). The 
inner radius of the film holder (rc) was 2.0 mm.  Following the Exerowa et al’s 
recommendation (28), the inner wall of the film holder was scratched with a sharpening 
stone to improve wettability. The cell was placed in a vapor-saturated chamber, which 
was placed on a tilt stage (M-044.00, Polytec PI), which in turn was placed on an 
inverted microscopic stage (Olympus IX51). The chamber was water-jacketed to 
maintain the temperature within 25±0.1°C, and the tilt stage was carefully adjusted before 
each measurement to obtained horizontal foam films. The fluoresce condenser of the 
inverted microscope was specially modified so that only a circular zone of 0.045 mm 
radius of the film was illuminated. A PC-based data acquisition system was used to 
record the intensities of the reflected lights, from which film thicknesses were obtained 
using the microinterferometric technique (9). We used a rather strong surfactant, SDS, to 
obtain tangentially immobile film, while the film radii (Rf) were controlled to be well 
below 0.1 mm. According to Radoev et al. (29), the nonhomogeneity of film thicknes 
across the film (Hmax-Hmin) approaches zero when film radius is below 0.1 mm. These 
conditions were necessary to minimize the influence from hydrodynamic or thermal 
fluctuations. Further discussions on using the Reynolds equation for the tangentially 
immobile films were given by Angarska, et al. (11), who showed that one can neglect the 
contributions from surface mobility in foam films of low SDS with NaCl concentrations. 
In the present work, the film radii were controlled within the 0.055-0.080 mm range. The 
error associated in measuring Rf was ±0.01 mm. Although the relative error was 
seemingly large, the measured film radii were very close to those calculated by fitting the 
data obtained during the initial stages of film thinning to the Reynolds equation. 

The surface tension isotherms of the SDS solutions were measured using the 
pendant drop method both in the presence and absence of NaCl. Each surfactant solution 
was prepared at least one day prior to experiment and used within one week to minimize 
hydrolysis.  

 
3.4 Results and discussion 

Figure 3.1 shows the surface tension isotherms for the SDS solutions at various 
concentrations of NaCl. As predicted by the Gouy-Chapman theory, added salt 
systematically promotes surfactant adsorption since salt can decrease the free energy of 
forming a charged monolayer with increasing ionic strength (30). 

Figure 3.2 shows plots of Γc/Γs representing the fraction of the DS- ions bonded to 
Na+ ions. Above cmc, the fractions were in the range of 0.85 to 0.9, which agrees well 
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with the results of other authors (31-33). It is shown also that NaCl promotes counterion 
binding particularly at low surfactant concentrations. 

 

 

Figure 3.3 shows the film thickness (H) versus time (t) plot obtained in a 10-5 M 
SDS solution in the absence of inorganic electrolyte. The radius of the flat film (Rf) that 
was used in the film thinning experiment was 0.08 mm. Also shown in this figure for 
comparison is the Reynolds equation (see Eq. [3.10]) plotted using the driving forces (∆P) 
calculated with DLVO (Eq. [3.3]) and extended DLVO (Eqs. [3.4] and [3.6]) theories. At 
K232=0, i.e., there is no hydrophobic force in the soap film, the Reynolds equation greatly 
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Figure 3.1  Surface tensions of SDS solutions in the presence and absence of NaCl. 
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Figure 3.2 The ratio between the surface excesses for the Na+ and DS- ions as a 
function of SDS concentration in the presence of 0.3 M NaCl and absence of NaCl. 
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under predicted the film thinning process and the equilibrium film thicknesses (He) were 
much larger than the experiment. When the adjustable parameter K232 in Eq. [3.13] was 
set to be 5.8×10-18 J, there was an excellent fit between the theory and experiment. This 
value is the same as obtained from the equilibrium film thickness measurement using the 
following equation (3, 12): 
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where He is the equilibrium film thickness. Eq. [3.14] is essentially a special case of the 
Reyonds equation (Eq. [3.13]) at ∆P =0. In this regard, one can directly apply the values 
of K232 determined from He measurement to predict the film thinning process using the 
Reynolds equation. The K232 value determined in the present work was slightly lower 
than the value of K232=6.3×10-18 J reported previously in Ref. (12). The discrepancy is 
due to the error associated with the equilibrium film thickness measurement in the 
previous work. Note that the values of K232 were two orders of magnitude larger than the 
non-retarded Hamaker constant (A232=3.7×10-20 J), which was probably the main reason 
that the film thinning was much faster than predicted without considering the 
contributions from the hydrophobic force. 

 

 
Note here also that the H vs. t curves obtained using the classical and extended 

DLVO theories fall on the same curve during the initial 2 seconds, when the film 
thickness is large and, hence, surface forces do not come into play yet. At a large film 
thickness, capillary force is the overriding driving force for the film thinning process.  
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Figure 3.3    Kinetics of film thinning at 10-5 M SDS. The solid line represents the 
Reynolds equation with the extended DLVO theory, while the dotted line represents the 
same with the DLVO theory.  
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The next series of film thinning experiments were conducted at a higher SDS 
concentration (10-4 M) and in the presence of 4×10-4 M NaCl. The results are given in 
Figure 3.4. At such high surfactant and electrolyte concentrations, there was an excellent 
fit between the Reynolds equation coupled with the DLVO theory (dotted line) and the 
experiment (circles). Also shown in this figure is the Reynolds equation plotted with ∆P 
corrected for the hydrophobic force with K232=8.4×10-20 J (solid line). Here we used the 
K232 value determined from equilibrium film thickness and reported in Ref. (12). All three 
plots fall essentially on the same curve, indicating that at such high SDS and NaCl 
concentrations, the contribution from the hydrophobic force to the total disjoining 
pressure is minimal. It also suggests that equilibrium thickness measurement should be a 
more sensitive way of determining the magnitude of hydrophobic force, especially when 
it is comparable to the van der Waals force. From Figure 3.4, one can see that the 
disjoining pressure is dominated by Πel because Πvw and Πhb are negligible here. Thus, 
addition of surfactant and/or electrolyte appears to be an effective means of reducing the 
hydrophobic force in soap films.  

 
At a high electrolyte concentration, electrical double layer force is effectively 

screened so that Пel ≈0 and the film becomes unstable. In this case, Eq. [3.13] is reduced 
to: 
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Figure 3.5 shows two film thinning curves obtained at a high electrolyte concentration. 
At 0.3 M NaCl and 5×10-7 M SDS, the film ruptures at 28.2 nm in 15.7 s. At 0.3 M NaCl 
and 10-4 M SDS, the film became more stable owing to the higher surfactant 
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Figure 3.4    Kinetics of film thinning at 10-4 M SDS and 4×10-4 M NaCl. The 
solid line represents the Reynolds equation with the extended DLVO theory, while 
the dotted line, which coincides with the solid line, represents the Reynolds 
equation with the DLVO theory. 
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concentration, and experienced a transition from common black film (CBF) to Newton 
black film (NBF) at 23.3 nm in 30.9 s. The transition occurred above 2×10-5 M SDS at 
0.3 M NaCl. The stability of NBF has been studied extensively, and a good review can be 
found in Ref. (17).  

 
In Figure 3.5, the dotted lines represent the Reynolds theory (Eq. [3.13]) coupled 

with the DLVO theory. Obviously, there is a discrepancy between the experiment and 
theory. When using the extended DLVO theory (Eq. [3.4]), the fit was much better. At 
5×10-7 M SDS and 0.3 M NaCl, we used the value of K232=2.7×10-19 J, which was 
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Figure 3.5   Kinetics of film thinning at a) 5×10-7 M SDS and 0.3 M NaCl; b) 1×10-4

M SDS and 0.3 M NaCl. The solid line represents the Reynolds equation with the 
extended DLVO theory, while the dotted line represents the Reynolds equation with 
the DLVO theory. 



 53

obtained by curve fitting. At 10-4 M SDS and 0.3 M SDS, we used K232=9.0×10-20 J to fit 
the film thinning data obtained before the CBF/NBF transition.  

The results presented hitherto showed evidence for the hydrophobic force in soap 
films. It has been shown that the hydrophobic force, whose magnitude is represented by 
K232, varies with SDS and NaCl concentrations. Figure 3.6 shows the changes in K232 
with SDS concentration at 0.3 M NaCl. It decreased from 3.4×10-19 J to 9×10-20 J as the 
surfactant concentration was increased from 10-7 to 10-4 M. These results are consistent 
with those reported in Ref. (11). Note here that the value of K232 obtained at 10-5 M SDS 
and 0.3 M NaCl was approximately 45 times lower than that obtained at the same 
surfactant concentration but without the salt. At 10-4 M SDS, the presence of 0.3 M NaCl 
diminished the hydrophobic force (K232=9×10-20 J) to level of the van der Waals force 
(3.7×10-20 J). Thus, the presence of electrolyte has a profound impact on the hydrophobic 
forces in foam films.  

 

Figure 3.7 shows the effect of SDS concentration on the critical rupture thickness 
(Hcr) and film life time (τ) determined in the present work. As shown, an increase in SDS 
concentration causes Hcr to decrease and τ to increase, which can be related to the 
decrease in hydrophobic force. Although the increase in film stability with increasing 
SDS concentration can be explained by the increase in surface elasticity (5-7), an 
alternative explanation may be possible. It has been shown throughout this investigation 
that K232 changes with the adsorption of SDS and its counterions(Na+). Therefore, the 
values of K232 are plotted in Figure 3.8 as a function of surface excess of the DS- and Na+ 
ions. The data were plotted as a function of (Γs+Γc)

-1, which was referred to as ‘inverse 
ionic adsorption’ by Angarska et al (11). These investigators showed that the 
hydrophobic force parameter, B, increases with increasing inverse ionic adsorption. 
Likewise, one can see that K232, a measure of hydrophobicity, increases with increasing 
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Figure 3.6     Effect of SDS concentration on K232 at 0.3 M NaCl. The results were 
obtained by fitted using the film thinning data to the Reynolds equation (Eq. [3.13]).  
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inverse ion adsorption. Figure 3.8 shows two sets of data plotted, one in the presence of 
SDS alone and the other in the presence of SDS and NaCl. In both cases, there are three 
distinct zones. In Zone I, DS- ions form a close-packed monolayer of hydrocarbon chains 
at the air/water interface, in which case K232 decreases precipitously with increasing SDS 
concentration. In Zone II, the surfactant adsorption is significant but they are not well 
ordered. According to Eriksson and Ljunggren (34), however, the surfactant may still 
adsorb as clusters as a means of minimizing free energy. In Zone III, the surfactant 
adsorbs individually at the air-water interface, which may be referred to as gaseous state 
in a sense that the surfactant solution follows the Henry’s law.  

 
The most striking feature of Figure 3.8 is that electrolyte (NaCl) has a profound 

impact on K232. According to the K232 vs. (Γs+Γc)-1 plot, the higher the Na+ ion adsorption 
as counterions is, the lower the hydrophobic force becomes. Therefore, the decrease in 
hydrophobic force in the presence of electrolyte may be attributed to the positive 
adsorption of the electrolyte at the air/water interface. It appears, however, that 
electrolyte can also reduce the hydrophobic force between gas bubbles under conditions 
of negative adsorption. It has been shown by Craig et al (13) that coalescence of gas 
bubbles in water is reduced substantially in the presence of various electrolytes. One 
possible explanation for this phenomenon may be that electrolytes may cause a decrease 
in the cohesive energy of water and, hence, the hydrophobic force. As suggested by van 
Oss (35), hydrophobic interaction arise from the strong cohesive energy of water (-102 
mJ/m2). Consider two nano-size gas bubbles suspended in water. Since water molecules 
cannot form strong hydrogen bonds with them, the bubbles will be push away form the 
surrounding water molecules, which may be manifested as hydrophobic interaction (or 
force) between the nono-size bubbles. This explanation is similar to the mechanism for 
the hydrophobic effect between hydrocarbon chains (36, 37). In the presence of 
electrolytes, the cohesive energy of water may be reduced, resulting in a reduced 
hydrophobic force. 
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Figure 3.7   Effect of SDS concentration on the film lifetime (τ) and the critical 
rupture thickness (Hcr) at 0.3 M NaCl.
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In the present work, we used a power law to represent the hydrophobic force 
observed between air bubbles. We attempted to fit the data using an exponential force 
law. However, the former gave better fit with the experimental data. This finding 
suggests that the hydrophobic force may be of similar nature as van der Waals dispersion 
force. As is well known, dispersion force is greatly affected by the properties of the 
medium between two surfaces, which is consistent with the observation made in the 
present work regarding the effect of electrolyte. More discussion on the hydrophobic 
force expressed in another format, proposed by Eriksson et al. (38), is given in Appendix 
3.A.  

 
3.5 Conclusions 

The thin film pressure balance (TFPB) technique was used to measure the 
equilibrium film thickness (He) of the foam films stabilized by sodium dodecylsulfate 
(SDS) in the presence and absence of electrolyte (NaCl). The results were used to 
determine the hydrophobic force constant (K232) using the extended DLVO theory. It has 
been found that K232 decreases with increasing SDS and NaCl concentrations. It was 
found that K232 decreases substantially in the presence of the electrolyte. 

The kinetics of film thinning was measured using a Schludko cell. By comparing 
the results with those predicted from the Rynolds equation, it was possible to identify the 
factors affecting the film thinning process. During the initial stages, the process is 
controlled by the capillary pressure and liquid viscosity. During the later stages, it is 
controlled by surface forces. At low SDS and NaCl concentrations, it was necessary to 
consider the contributions from the hydrophobic force. There was an excellent agreement 
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Figure 3.8   K232 versus (Γs+Γc)-1 as a function of SDS concentration in the absence 
and presence of 0.3 M NaCl. 
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between the theory and experiment when using the values of K232 determined from He 
measurement.  

The logarithms of the K232 values plotted versus inverse ionic adsorption (Γs+Γc)-1 
identified three distinct zones. The plots showed that the hydrophobic force decreases 
with increasing adsorption of the surfactant and its counterions, the decrease being 
accelerated with increasing adsorption densities.  
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Appendix 3.A Comparison of the Magnitude of Hydrophobic Force 
 

The dependence of disjoining pressure on film thickness is deduced using the 
rearranged Reynolds equation (25):  

dt
dHRP fc

2
2*

4
3 −

−=Π µ
                 [3A.1] 

where the values of  dH-2/dt were obtained from the slope of the curve H-2 versus t by 
polynomial fit. And they were made from the experimental data of H versus t. The 
disjoining pressure is denoted by П* since it was not obtained at equilibrium. Figure 
3A.1 shows the disjoining pressure isotherms obtained from the film thinning curves 
shown in Figure 3.5. We plotted Figure 3A.1 with two independent sets of experimental 
results for each solution to show repeatability. Below about 100 nm, the calculated 
negative disjoining pressure is much larger than the expected van der Waals attraction 
(see the solid line), and we attribute the derivation to the action of hydrophobic force. 
The derivation becomes larger as the SDS concentration is decreased from 10-4 M to 
5×10-7 M, indicating that the surfactant dampens hydrophobic force. The small increase 
in capillary force (Pc) from 49.6 Pa to 71.4 Pa is not comparable to the large difference in 
attractive surface forces, i.e., over 100 Pa, near the critical thicknesses of film rupture 
(see Figure 3.7). In this regard, hydrophobic force may greatly affect the critical thickness 
of film rupture and foam life.  

 
The hydrophobic force was calculated using the following equation (38): 
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Figure 3A.1  Hydrophobic force in foam films containing 0.3M NaCl; (○), 10-4M 
SDS with Pc=49.6 Pa; (■) 5×10-7M SDS with Pc=71.4 Pa. The solid line is the 
expected van der Waals attraction. 
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where b-1 (= 15.8 nm) is the decay length, and B is the strength of hydrophobic force. The 
values of B obtained in the present work are much larger than those obtained by 
Angarska et al (11), but are still lower than 0.6 mJ/m2, which was established by Eriksson 
et al. (38). Assuming that the van der Waals force can also be expressed by Eq. [3A.2] 
with  b-1 = 15.8 nm at rupture thicknesses of 25~40 nm, the equivalent B value for the 
van der Waals force is 0.0025~0.0045 mJ/m2. Therefore, the hydrophobic force detected 
by Angarska et al. (11) is even weaker than the van der Waals force.  
 

Appendix 3.B Theoretical Fits of Film Thinning 
 

As stated in Chapter 3, the kinetics of film thinning can be depicted well by 
integrating the Reynolds equation at 0.1 nm intervals of H. This appendix shows the 
reliability of this integration method, and the effects of surface forces on the kinetics of 
film thinning. The results are shown in Figure 3B.1.  

 
When the driving force is the capillary pressure only, analytical expression for the 

integration of the Reynolds equation is also available. The Reynolds equation is given by 
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The integral of Eq. [3B.1] has the following analytical expression: 
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Figure 3B.1  Kinetics of film thinning at 5x10-7 M SDS and 0.3 M NaCl. 
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where H0 is the initial film thickness at t0 (=0). In Figure 3B.1, the dashed line in red 
represents the curve of H(t) calculated using Eq. [3B.2] with H0= 247.7 nm. The dash-
dotted line in green shows the curve of H(t) obtained by numerically integrating Eq. 
[3B.1] at 0.1 nm intervals of H using the central scheme of the Euler integration method. 
The analytical and numerical curves fall essentially on the same line, so an interval of 0.1 
nm is sufficiently small for the integration of the Reynolds equation.  

Once the retarded van der Waals force is considered as an additional driving force, 
the H(t) curve, represented by the dotted line in black, shifts slightly to the lower only at 
final stage of film thinning. This shows that the van der Waals force does not play a 
significant role in film thinning. Instead, hydrophobic force greatly accelerates film 
thinning when the film thicknesses are below 100 nm, as one can see that the solid line 
fits the experimental data very well.  

 
 

 


