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Role of Hydrophobic Force in the Thinning of Foam Films 
Containing Methyl Isobutyl Carbinol

 
 
 

Abstract 
 

The thin film pressure balance (TFPB) technique was used to study the kinetics of 
film thinning at various concentrations of a nonionic surfactant, methyl isobutyl carbinol 
(MIBC), in the presence of 0.1 M sodium chloride (NaCl). The experimental data were 
compared with the predictions from the Reynolds equation to determine the contributions 
from hydrophobic force to film thinning. Despite the high electrolyte concentration 
employed, the hydrophobic force was 15 to 90 times stronger than the van der Waals 
force over the MIBC concentrations investigated. It was found that the hydrophobic force 
decreased with increasing MIBC concentration, which corroborated well with the 
changes in film lifetime, foam lifetime, and the critical rupture thickness. On the other 
hand, both surface tension and film elasticity change little at low surfactant 
concentrations, particularly at the concentrations where the nonionic surfactant is used for 
flotation. It is, therefore, suggested that at relatively low MIBC concentrations foams are 
destabilized by the hydrophobic force, which is dampened by the surfactant. 
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4.1 Introduction 
 

Bubbles and foams are used widely in a variety of industrial applications, e.g., 
froth flotation, tertiary oil recovery, foam fractionation, food processing, manufacturing 
of personal care products, etc., and control of bubble size and of foam stability is 
important in many of these applications. In flotation, for example, small air bubbles are 
introduced to an aqueous suspension (pulp) containing both hydrophilic and hydrophobic 
particles so that the latter is collected selectively on the surface of the bubble. The 
bubbles laden with hydrophobic particles rise to the surface of the pulp, forming a three-
phase foam (froth), which is subsequently removed mechanically or by displacement. 
The rate of flotation increases sharply with decreasing bubble size. Therefore, the bubble 
size in the pulp phase is reduced by adding (non-ionic) surfactants and increasing energy 
dissipation for bubble generation, while the bubble size in the froth phase is controlled by 
adjusting the height of the froth. The importance in controlling froth stability in flotation 
is widely recognized in recent years (1-3). 

Foam is thermodynamically unstable; therefore, bubble size coarsens by 
coalescence as a means of reducing free energy. The lifetime of foam is controlled by 
drainage and rupture. For a horizontal foam film, the driving force for the drainage 
process is the capillary pressure. The drainage stops and the film thickness reaches 
equilibrium when the capillary pressure becomes equal to the disjoining pressure of the 
thin film. It is generally recognized that the disjoining pressure is determined by the sum 
of the attractive van der Waals force and the repulsive double-layer force. Thus, one can 
determine the contribution from one of the two surface forces to the disjoining pressure 
by knowing the equilibrium film thickness, capillary pressure, and the contribution from 
the other surface force. This approach works well at high surfactant concentrations but 
fails at low concentrations, suggesting that there may be an additional attractive force (i.e., 
hydrophobic force) playing a role in foam stability (4,5).  

As the thickness of a foam film is reduced by drainage, the film ruptures 
catastrophically when the thickness reaches a critical thickness (Hcr). It is generally 
believed that, a foam film is always in thermally- or mechanically-induced oscillation. 
The amplitude of the oscillation increases, when the instantaneous distance between the 
two surfaces is within the range of a significant attractive force such as van der Waals 
force. When the two surfaces touch each other, the film ruptures. Angarska et al (6) 
showed that this capillary wave mechanism can predict Hcr at high surfactant 
concentrations in the absence of energy barrier but not at low concentrations. They found 
that at the low surfactant concentrations the model works better by recognizing the 
contribution from the hydrophobic force to the rupture mechanism.  

The role of hydrophobic force in film thinning has also been studied by the 
authors of the present communication (7). They measured the kinetics of thinning of 
horizontal foam films of very small radius (<0.1 mm) and fitted the data to the Reynolds 
equation (8,9): 
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where H is film thickness, t drainage time, μ dynamic viscosity, Rf is film radius, and ΔP 
is the driving force for film thinning. The driving force is given by the following relation: 

Π−=Δ cPP          [4.2] 

where the capillary pressure Pc is given by (10) 
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=          [4.3]  

and the disjoining pressure by 

hbvwel Π+Π+Π=Π        [4.4] 

In Eqs. [4.3] and [4.4], γ is surface tension and Rc is the radius of the film holder, while 
Πel, Πvw, and Πhb represent the contributions from the electrostatic, van der Waals and 
hydrophobic forces, respectively.  

In soap films, the first term of Eq. [4.4] is repulsive, while the latter two are 
attractive. It has been shown that the hydrophobic disjoining pressure can be represented 
as a power law (4, 11-13): 

3
232

π6 H
K
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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. An advantage of 
using Eq. [4.5] is that it is of the same form as the van der Waals force: 

3
232

π6 H
A

vw −=Π         [4.6] 

so that one can compare the magnitudes of the hydrophobic force with that of the van der 
Waals force by means of the two force constants, i.e., K232 and A232 (Hamaker constant). 
It was found that K232 decreases with increasing concentration of surfactant (SDS) and 
inorganic electrolyte (NaCl) (5, 7). 

In principle, the Reynolds equation is applicable to the foam films with 
tangentially immobile surfaces. It has been shown that this condition can be met by using 
very small films stabilized by a surfactant (10, 14, 15). It has also been shown that Eq. 
[4.1] can be used even at low surfactant concentrations (6, 16). 

In the present work, the kinetics of thinning horizontal foam films was studied in 
the presence of methyl isobutyl carbinol (MIBC). This reagent was chosen because it is 
one of the most widely used surfactants that are used to produce small air bubbles for 
flotation. The experiments were conducted in 0.1 M NaCl solutions to suppress the 
electrical double layer repulsion. This was necessary as there are no reliable methods of 
determining double-layer potentials, which is necessary in determining Πel. This 
approach will allow determination of K232 without involving the ambiguity associated 
with determining the double layer potentials. The information obtained in the present 
work can be useful not only for better understanding foam stability but also for modeling 
flotation (or bubble-particle attachment) as a hydrophobic interaction (17). 
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4.2 Materials and Methods 

A Nanopure water treatment unit was used to obtain double-distilled and 
deionized water with a conductivity of 18.2 MΩcm-1. Methyl Isobutyl Carbinol, MIBC 
(99%) from Research Chemicals Ltd. was used as received. A high-purity sodium 
chloride (99.99%) from Alfa Aesar was used as an electrolyte.  

The TFPB technique was used to measure the rate of film thinning in a Scheludko 
cell (9,10). The inner radius of the film holder (Rc) was 2.0 mm. Following the 
recommendation by Exerowa et al (18), 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 obtain 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). The film radii (Rf) were controlled 
within the 0.060-0.070 mm range. According to Radoev et al (19), the nonhomogeneity 
of film thickness 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, so that the Reynolds equation (Eq. [4.1]) can be used to analyze 
the rate of film thinning. Further discussion on the validity of this method is given in the 
Discussion section.  

The stability of three-dimensional foams was measured by shake tests (20). The 
tests were conducted using 50 ml volumetric flasks, each containing 25 ml of a surfactant 
solution. In each test, a flask was hand shaken 20 times at a fixed frequency and then left 
to stand for observation. After a few seconds, a clear surface began to appear at the center 
of the foam. As the time elapses, the clear surface expanded toward the wall of the flask, 
forming a ring of bubbles, which subsequently broke into clusters of bubbles. The size of 
clusters was reduced with time, some of which eventually becoming isolated bubbles. 
The time it took until only the isolated bubbles became visible was taken as a measure of 
foam stability. 

4.3 Results  
Figure 4.1 shows the film thickness (H) versus time (t) plots obtained at three 

different concentrations of MIBC in the presence of 0.1 M NaCl. At such a high 
electrolyte concentration, the electrostatic double layer force was effectively screened so 
that Пel ≈0, and as a consequence the films became unstable. The film ruptured in 5.7 s at 
H=63.3 nm at 10-5 M MIBC. At 3×10-3 M MIBC, the film became more stable, with the 
rupture occurring in 14.4 s at 26.1 nm. At 3×10-2 M MIBC, the film lasted as long as 26.3 
s, with the rupture thickness of 31.3 nm. On the other hand, the experimental results 
obtained under the condition of Пel ≈0 made it possible to determine the contributions 
from the hydrophobic force unambiguously. At low ionic strengths, the magnitudes of 
hydrophobic force have a degree of uncertainties associated with the values of Π≠0 (6, 7). 
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Figure 4.1  Kinetics of film thinning at a) 10-5 M MIBC and 0.1 M NaCl; b) 3×10-3 M 
MIBC and 0.1 M NaCl; c) 3×10-2 M MIBC and 0.1 M NaCl. The solid lines represent 
the Reynolds equation (Eq. [4.1]) by considering contributions from the hydrophobic 
force with fitted values of K232. The contributions from double-layer force are set to 0, 
while those from the van der Waals force were calculated using the Hamaker constant 
obtained using the Lifshitz theory (Eq. [4.9]).  
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 Along with the experimental data, Figure 4.1 shows the Reynolds equation (Eq. 
[4.1]) plotted using the driving forces (ΔP) calculated using Eq. [4.2] with and without 
considering the hydrophobic force. In using Eq. [4.1], the capillary pressure (Pc) was 
calculated from the surface tension (γ) data of Comley et al (21) using Eq. [4.3], while the 
disjoining pressure (Π) was calculated using Eq. [4.4]. In using Eq. [4.1], the viscosity (μ) 
was set to be equal to that of water (0.900 cP at 25 °C) (22). 

It was shown that Eq. [4.4] can be written as (7): 
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where Cel is electrolyte concentration, R the gas constant, T the absolute temperature, z 
ionic valency, e the electronic charge, ψs surface potential, k the Boltzmann’s constant, 
and κ the inverse Debye length. At 0.1 M NaCl, the first term of Eq. [4.7] can be ignored 
to obtain: 
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In the present work, the Hamaker constants, A232, were calculated using the following 
equation (23, 24): 
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in which H~  is the dimensionless distance, given by 
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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 vacuum (3.0×108 m/s), n2 the refractive 
index of air, n3 the refractive index of solution, ε2 the dielectric constant of air, and ε3 is 
the dielectric constant of water. At a high electrolyte concentration (e.g., 0.1 M NaCl), 
the first term of Eq. [4.9] may be neglected.  

The values of A232 were calculated using Eq. [4.9] at the critical rupture 
thicknesses measured in the present work and are plotted in Figure 4.2. Also shown in 
this figure are the values of the hydrophobic force constants, K232, obtained by fitting the 
film thinning kinetics data obtained in the present work (e.g., Figure 4.1) to the Reynolds 
equation (Eq. [4.1]). In Figure 4.1, the dotted curves represent Eq. [4.1] without 
considering the hydrophobic force, i.e., K232=0, while the solid lines represent the 
equation with K232=6×10-19 J at 10-5 M MIBC; K232=3×10-19 J at 3x10-3 M MIBC; and 
K232=1.85×10-19 J at 3x10-2 M MIBC. As shown in Figure 4.2, the K232 values determined 
from the curve fitting procedure were approximately 15 to 90 times larger than the 
Hamaker constants calculated using Eq. [4.9] at the critical film rupture thicknesses (Hcr). 
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At H>Hcr, the difference between K232 and A232 should be even larger than shown in 
Figure 4.2, because the retardation effect causes the van der Waals force to decrease with 
increasing film thickness. In the present work, the hydrophobic force is represented in the 
same form as the van der Waals force, which makes it possible to directly compare the 
two by means of K232 and A232. That the former is substantially larger than the latter even 
at a very high electrolyte concentration suggests that the hydrophobic force is real.  
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Figure 4.2 Effect of MIBC concentration on K232 at 0.1 M NaCl. The results were 
obtained by fitting the film thinning data to the Reynolds equation (Eq. [4.1]). The 
Hamaker constants (A232) at the critical rupture thicknesses were calculated using the 
Lifshitz theory (Equation [4.9]) by considering the retardation effect.

 
In Figure 4.3, the K232 values given Figure 4.2 are replotted along with the 

lifetimes of the single foam films (film lifetime) and the lifetimes of the three-
dimensional foams (foam lifetime) determined at different MIBC concentrations. The 
film lifetime represents the time elapsed prior to the rupture of single foam films, while 
the foam lifetime represents the time it took for a three-dimensional foam to become 
single bubbles in the shake tests. As shown, an increase in MIBC concentration caused 
both the film lifetime and the foam life time to increase, which corroborates well with the 
changes in K232.  

According to Eqs. [4.1] to [4.3], capillary pressure and, hence, the driving force 
(ΔP) for film thinning decreases with decreasing surface tension. Therefore, the decrease 
in surface tension should also be responsible for the increase in the film lifetime and the 
foam lifetime shown in Figure 4.3. At low surfactant concentrations, however, the change 
in surface tension is minimal, as depicted by the dashed line representing the Langmuir-
Szyszkowski equation: 

)1ln( Lm0 cKRT +Γ−= γγ        [4.12] 
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that has been fitted to the surface tension data of Comley et al (21) given in Figure 4.3. In 
the above equation, 0γ  is the surface tension of pure water, Γm (=5x10-6 mol/m2) the 
monolayer coverage, KL (=230 M-1) the equilibrium constant, and c is the bulk MIBC 
concentration. Thus, the data presented in Figure 4.3 show that at low surfactant 
concentrations both the single foam film and the three dimensional foam are destabilized 
by hydrophobic force, while at high surfactant concentrations they are stabilized by 
surface tension lowering. 
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Figure 4.3 Effect of MIBC concentration at 0.1 M NaCl on the lifetimes of foam (▲) 
and film (∆). The surface tension data (■) are from Comley et al (21), and the dashed 
line represents the best fit of the surface tension data using the Langmuir-Szyszkowski 
equation (Eq. [4.12]). Both the film and foam lifetimes increased with decreasing 
hydrophobic force constant K232 (●). The K232 values were calculated from the film 
thinning data using the Reynolds equation (Eq. [4.1]).  

Figure 4.4 shows the effect of MIBC concentration on the critical rupture 
thicknesses (Hcr) measured at 0.1 M NaCl. Vrij (25) and Vrij and Overbeek (26) derived 
a predictive model for Hcr:  
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based on the capillary wave mechanism. Eq. [4.13] is applicable when |Πvw| << Pc, a 
condition that is applicable for the measurements conducted in the present work, 
particularly at low MIBC concentrations. The film radii (Rf) were controlled within the 
0.060-0.070 mm range. Therefore, Hcr should vary primarily with A232 and γ according to 
Eq. [4.13]. For this reason, Figure 4.4 also shows the changes in A232, K232, and γ with 
MIBC concentration. It is interesting to note that A232 varies little, while K232 decreases 
sharply at the low concentration range where Hcr decreases sharply. It may be concluded, 

 68



therefore, that the decrease in Hcr at low concentration range is largely due to the 
dampening of the hydrophobic force by the surfactant. According to Eq. [4.13], Hcr 
should also vary with surface tension, which, however, changes little at the low 
concentration range. Therefore, the sharp decrease in Hcr cannot be attributed to the 
change in surface tension. 

 
Note also that Hcr starts to increase after reaching a minimum (26.5 nm) at 3x10-3 

M MIBC. Similar observations were also made with sodium dodecylsulfate (SDS) near 
its CMC by other investigators (27, 28). The increase in Hcr above 3x10-3 M MIBC can 
be attributed to the surface tension decrease, which was more significant than the 
decrease in K232. 

It is well known that the stability of foams and foam films is determined not only 
by surface forces (or disjoining pressures) but also by film elasticities (14, 29, 30). 
Therefore, the film lifetimes and foam lifetimes measured in the present work have been 
replotted in Figure 4.5 as functions of MIBC concentration, and compared with film 
elasticities (E). Gibbs defined film elasticity as follows: 
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ln

2 γ
=          [4.14] 

where A is the film surface area. Equation [4.14] can be rewritten as follows: 
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Figure 4.4  Effect of MIBC concentration on the critical rupture thickness (Hcr). The 
surface tension data (■) were from Comley et al (21), and the dash-dotted line 
represents the best fit of the surface tension data to the Langmuir-Szyszkowski 
equation (Eq. [4.12]). The K232 values (●) were obtained by fitting the film thinning 
kinetics data to the Reynolds equation (Eq. [4.1]). The Hamaker constants at Hcr (○) 
were calculated using the Lifshiz theory (Eq. [4.9]) by considering the retardation 
effect. 
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dA
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dA
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dAE γγ 22 ==        [4.15] 

where c is the bulk surfactant concentration. For a closed system, the volume of a foam 
film, , is constant, i.e., dV=0, where H is film thickness. Also, the total number 
of the surfactant molecules is constant in a closed system. Therefore,  

AHV =

0)2( =+Γ VcAd         [4.16] 

which gives 

AH
AddAdc )(2 Γ+Γ

−=         [4.17] 

under conditions of constant volume. Eq. [4.17] is similar to Christenson and Yaminsky’s 
model (31), except that these authors ignored the AdГ term, which makes their model 
applicable only at very high concentrations of surfactant (or electrolyte).  

Equation [4.17] can be rewritten as 
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while Gibbs equation gives:  
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Substituting Eqs. [4.18] and [4.19] into Eq. [4.15], one obtains an expression for the Gibbs 
elasticity as follows: 
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Equation [4.20] can be transformed into a more useful form by combining it with 
the Langmuir isotherm: 
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which can be differentiated to obtain: 
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Substituting Eqs. [4.21] and [4.22] into Eq. [4.20] gives a useful expression for Gibbs 
elasticity: 

Lm
2

L

2
L

2
m

2)1(
4

KcKH
KcRTE
Γ++

Γ
=        [4.23] 

In the present work, the values of Gibbs elasticities (E) have been calculated using 
Eq. [4.23], in which H was set equal to the measured critical rupture thicknesses (Hcr) and 
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the values of Γm and KL were obtained by fitting the surface tension data to the Langmuir-
Szyszkowski equation (Eq. [4.12]). The results are shown in Figure 4.5 (as a solid line) 
along with the film lifetimes and the foam lifetimes measured in the present work. As 
shown, the film elasticity increases with increasing MIBC concentration, reaching a 
maximum at 4x10-2 M. The film and foam lifetimes also increase accordingly. At low 
concentrations (below 10-3 M), however, the increase is relatively small. Therefore, the 
increase in film stability in this concentration region is largely due to the decrease in K232.  
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Figure 4.5  Effect of film elasticity (E) on the film lifetime (∆) and the foam lifetime 
(▲) at various concentrations of MIBC at 0.1 M NaCl. At low surfactant 
concentrations, the film elasticities calculated using Eq. [4.23] (solid line) may be too 
small to affect the film and foam stabilities. The film elasticities calculated using the 
Christenson and Yaminsky’s model (31) (dashed line), are higher because of the 
simplifying assumption involved in its derivation. 

Also shown in Figure 4.5 is a plot of Gibbs elasticities (dashed line) calculated as 
a function of MIBC concentration using the Christenson and Yaminsky’s model (31), i.e., 
Eq. [4.20] without the dΓ/dc term. Because this term is in the denominator, their model 
over predicts the elasticity. 

4.4 Discussion 

In the present work, the kinetics of film thinning has been studied in the presence 
of MIBC, the most widely used frothing agent in the mining industry. It is not the most 
powerful frother but is of low cost and gives brittle froths. In flotation, it is important to 
have small air bubbles to achieve high collision efficiencies in the pulp phase and to have 
high surface area flux in the froth phase. On the other hand, excessively stable froth can 
cause multitudes of problems (e.g., in pumping and setting) downstream. The 
overfrothing problems become worse in the presence of ultrafine hydrophobic particles 
that can further increase froth stability. Further, most of the frothers used in flotation are 
nonionic frothers, because ionic surfactants can adsorb on unwanted mineral components 
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and float them inadvertently, causing the flotation process nonselective. Thus, MIBC is 
an ideal frother in that it can produce small air bubbles without creating the overfrothing 
(i.e., excessively stable froth) problems. 

The amount of MIBC used in the flotation industry are usually in the range of  
0.5-1.5x10-4 M, where the foam film elsticities (E) are in the range of 1-2 mN/m as 
shown in Figure 4.5. At such low concentrations and low elasticities, bubbles and foams 
are barely stable but remain hydrophobic. The values of the hydrophobicity constants, 
K232, determined at 0.1 M NaCl are in the range of 3.7-4.5x10-19 J and allow hydrophobic 
particles to be attracted via hydrophobic interaction. These values are more than 30 times 
larger than the Hamaker constant, A232. The difference between K232 and A232 should be 
substantially larger in the absence of electrolyte. At higher MIBC concentrations, the 
hydrophobic force decreases further, making the hydrophobic interaction less likely. It is 
well known that excessive frothers are detrimental to flotation (32). 

The results obtained in the present work show that air bubbles are most 
hydrophobic in the absence of MIBC, and its hydrophobicity decreases with increasing 
concentration of the surfactant. This finding is supported by thermodynamic 
considerations. As the MIBC concentration is increased, the interfacial tension between 
air bubble (a hole in water) and water decreases. The questions remain as to whether the 
hydrophobic forces measured in the present work are real and what the origin(s) is (are). 
In the present work, the hydrophobic forces were determined in the presence of 0.1 M 
NaCl, which effectively suppressed the double-layer force. Previously, the magnitudes of 
the hydrophobic forces at air/water interfaces were estimated using ionic surfactants (4, 
5). The use of ionic surfactants made it possible to determine the surface potentials at the 
air/water interface and to use the extended DLVO theory (Eq. [4.4]) to calculate the 
contributions from Πhb. However, there is a degree of uncertainties in determining the 
surface potentials despite the various precautions and corrections. In the present work, 
however, the kinetics of film thinning was studied under conditions of Πel≈0. Therefore, 
the hydrophobic forces determined in the present work may be considered real.  

It would be of interest to compare the strengths of the hydrophobic forces 
determined in the present work using TFPB technique to those of the hydrophobic forces 
measured between hydrophobic solid surfaces (33, 34). By substituting the K232 values 
determined in the present work to the power law:  
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KRF −=          [4.24] 

one can calculate the hydrophobic force (F) at a given separation distance (H).  In Eq. 
[4.24], R is the radius of curvature of the macroscopic surfaces used in force 
measurement. At K232 = 6x10-19 J, which was the largest hydrophobic force constant 
obtained in the present work, F/R = -1.0 mN/m at H = 10 nm. This value is similar to F/R 
= -1.9 and -1.3 mN/m, which were obtained between the silica surfaces coated with 
octadecyltrimethylammonium chloride (C18TACl) and the mica surfaces coated with 
dimethyldioctadecylammonium bromide (DDOA), respectively.  

Accepting that the hydrophobic forces exist at the air/water interface, the results 
presented in the forgoing section show that the role of MIBC is to dampen the 
hydrophobic forces at the air bubble/water interfaces and stabilize the bubbles. The 
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increase in film elasticity should also help stabilizing bubbles, but the dampening of 
hydrophobic force may be more important in the range of MIBC concentrations where 
flotation is carried out in practice. Film elasticity becomes important at higher MIBC 
concentration (e.g., >10-3 M).  

In general, film stability is controlled by thinning and rupture. A liquid film is 
thinned to a critical thickness by drainage and reaches an equilibrium thickness when 
capillary pressure equals the disjoining pressure. The air-water interfaces are subjected to 
mechanical or thermal oscillation, causing the instantaneous distance between the two 
interfaces smaller than the measured distance. The instantaneous distance can be within 
the range of significant van der Waals force and rupture, in which case there may be no 
need to invoke the hydrophobic force. Many investigators showed indeed that the 
capillary wave model can predict the critical rupture thicknesses (Hcr) in the absence of 
repulsive forces (6, 19, 24, 25, 35). For example, Angarska el al (6) showed that the 
model fits well with Manev el al’s experimental data (36) obtained at 4.3x10-4 M SDS 
and 0.25 M NaCl. It is not surprising, however, that hydrophobic force does not play a 
role under such high surfactant and electrolyte conditions, because the air/water interface 
becomes hydrophilic. At lower SDS concentrations (i.e., 0.5-1.0x10-6 M and 0.3 M NaCl), 
however, it was necessary for these authors to invoke the hydrophobic force to fit the 
experimental data. 

In the present work, the Reynolds lubrication theory (Eq. [4.1]) was used to 
determine the contributions to the disjoining pressure from the hydrophobic forces. Since 
the equation was derived for two solid surfaces interacting in a fluid under no-slip 
conditions, it should in principle apply only for the liquids sandwiched by tangentially 
immobile surfactant layers. In this regard, Radoev et al (37) and Ivanov et al (38) 
developed a method of correcting the Reynolds film thinning velocities (VRe) for 
diffusion and surface mobility. Angarska et al (6) showed, however, that no corrections 
were necessary in predicting Hcr for the aqueous solutions of 0.5-10x10-6 M SDS in the 
presence of 0.3 M NaCl. Also, Ivanov et al (16) noted that “even minor surfactant 
concentration (corresponding to Gibbs elasticity, EG≈1 mN/m) is sufficient to suppress 
almost entirely the surface mobility. He noted further that “above this concentration the 
effect of the surfactant on the film lifetime and on the foam or emulsion stability is 
entirely controlled by the disjoining pressure.” The foam films studied in the present 
work in the presence of 10-5 to 3x10-2 M MIBC showed the Gibbs elasticities that were 
close to those of the films stabilized in the presence of 5x10-7 to 10-4 M SDS and 0.3 M 
NaCl. Therefore, it would be justifiable to use the Reynolds equation without corrections 
in studying the kinetics of thinning the MIBC-stabilized films and use the results for 
estimating the magnitudes of the hydrophobic forces. 

 It has been shown that the hydrophobic force constant, K232, decreases with 
increasing MIBC concentration, which suggests that the decrease in hydrophobic force 
may be related to the adsorption of the surfactant at the air/water interface. Figure 4.6 
shows a plot of the inverse surface excess (Γs

-1) of MIBC as determined from Gibbs 
adsorption isotherm. One can see that K232 increases with increasing Γs

-1, suggesting that 
the lower the area of the adsorption density is, the stronger the hydrophobic force 
becomes. That is, the pristine air/water interface is most hydrophobic, and its 
hydrophobicity and, hence, its hydrophobic force decreases with the surfactant adsorption. 
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The isotherm has two distinct zones. In zone I, a close-packed monolayer of MIBC is 
formed at the air/water interface, causing a precipitous increase in K232 with increasing Γs

-

1. In Zone II, the surfactant adsorption is significant but they are not well ordered. 
According to Eriksson and Ljunggren (39), however, the surfactant may adsorb as 
clusters (or hemimicelles) as a means of minimizing free energy. The results obtained 
with MIBC are similar to those obtained with SDS in the absence of NaCl (7).  

 

0 5 10 15 20
0

10

20

30

40

50

60

70

80

 

 

K
23

2 (1
0-2

0  J
)

Γs
-1 (m2/μmol)

MIBC + 0.1 M NaCl

 
Figure 4.6  The hydrophobic force constants, K232, determined from the film thinning 
data, are plotted as a function of Γs

-1. The hydrophobic force decreases sharply as a 
close-packed monolayer is formed at the air-water interface. 

Meyer et al (40) proposed that the very long-range hydrophobic forces measured 
between two macroscopic surfaces of solids coated with long-chain surfactants might be 
of electrostatic origin. In the present work, however, the hydrophobic force was observed 
at 0.1 M NaCl, which makes it difficult to trace its origin to electrostatic attraction. An 
alternative would be to consider a molecular origin. The free energy gained from the 
hydrogen bonding of water molecules is much larger than the energy of interaction 
between water and hydrophobic surfaces. This should cause the water film tension to 
diminish as the thickness shrinks, which may by manifested as an attractive hydrophobic 
force. A question remains then as to how the hydrophobic force decays with the distance 
separating two macroscopic particles. Laskowski and Kitchener (41) suggested that “the 
multimolecular water layer on the surface of a hydrophobized silica is unstable, which is 
ascribed to a less favorable state of molecular association at a certain distance from the 
surface than in normal (bulk) water”. These investigators were the first to recognize the 
existence of a long-range non-DLVO hydrophobic force and to suggest that the long-
range character arises from the structural properties of water.  

More recently, Eriksson and Yoon (42) integrated the experimental disjoining 
pressure isotherms obtained at different temperatures by Tsao et al (43), and showed that 
the excess film entropies (∆Sf,ex) were negative and that their negativity increased with 
the decreasing distance separating two hydrophobic surfaces. This finding suggests that 
water is more structured in the intervening layer, which may also be supported by the 
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sum-frequency (SF) spectra of the water on hydrophobic surfaces. Du et al (44) showed 
that the SF spectra of the interfacial water on the silica surfaces coated with 
octadecyltrichlorosilane (OTS) were similar to that of ice. Also, the water on the OTS-
coated silica surface showed a prominent peak at 3,700 cm-1, which is due to the dangling 
(or free) OH groups oriented at the interface. This peak, which is considered as a 
signature of hydrophobicity, was also observed at the air/water and air/hexane interfaces. 
Thus, the SF spectra provide evidence that an air bubble in water should be considered a 
hydrophobic substrate. 

4.5 Conclusions 
f surface forces in film thinning was studied by measuring the kinetics 

of film
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