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Abstract: The effect of air, dissolved in 0.1 M KCl solution, on bubble attachment to the smooth
hydrophobic surface of highly oriented pyrolytic graphite was studied. The stability of a wetting film
in such a system is governed by surface forces, i.e. electrostatic and van der Waals interactions. At the
high ionic strength investigated, the electric double layer forces are both weak and of short range,
therefore the stability of the wetting film is dominated by van der Waals interactions. The Hamaker
coefficient for the highly oriented pyrolytic graphite-KCl aqueous solution-air system is negative and
hence van der Waals interactions are repulsive. A repulsive force should stabilize the wetting film,
preventing its rupture and bubble attachment to the highly oriented pyrolytic graphite surface. Many
experimental studies have found that wetting films are not stable at graphite or coal surfaces, and air
bubbles attach. In the present experiments, the stability of the wetting films decreased with increasing
amount of dissolved air. The time required for film drainage, rupture, and air bubble attachment was
shortened by two orders of magnitude when the experiments were performed in air saturated 0.1 M
KCl solution. This instability was attributed to an increasing number of nano- and submicron- bubbles
nucleated at the graphite surface. The Hamaker coefficient across the air-KCl aqueous solution-air
system is positive and hence van der Waals interactions are attractive, resulting in wetting film
rupture and macroscopic air bubble attachment to a highly oriented pyrolytic graphite surface
decorated with resident nano- and submicro-metre bubbles.
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1. Introduction
The attachment of an air bubble to a solid surface is only possible if the thin liquid film (i.e. wetting
film) between them ruptures, forming a perimeter large enough to prevent any subsequent
detachment (Nguyen et al., 1998; Nguyen and Schulze, 2003; Krasowska and Malysa, 2007b). The
stability of a wetting film, and hence the probability of bubble attachment, in a system where the
probability of collision is 1 is governed by the interaction forces acting across such a film. The
electrostatic component of the total force depends on the surface potential at the solid-solution and
solution-air interfaces (Krasowska et al., 2007; Jiang et al. 2010) and, unless the experiments are carried
out below the isoelectric point for the solid and above that for the bubble, the electric double layer
forces will be repulsive and will act to stabilise the wetting film. In addition, the van der Waals
interactions between an air bubble and a pristine solid surface in aqueous solution are short range and
repulsive since the Hamaker coefficient is negative. The only exception is for solids of refractive index
lower than refractive index of aqueous phase (Israelachvili, 2011), which is a very rare occurrence; in
such a system the Hamaker coefficient is positive and hence the van der Waals interaction is attractive.
http://dx.doi.org/10.5277/ppmp1838
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However, it is well known that the thin liquid film between an air bubble and a hydrophobic solid
is generally unstable and ruptures, allowing bubble attachment to such a surface. To explain this
phenomenon the concept of ‘long range hydrophobic forces’ was introduced (Israelachvili and
Pashley, 1982; Israelachvili and Pashley, 1984; Yoon and Mao, 1996). Different mechanisms for these
hydrophobic forces have been discussed and modeled, in particular: i) hydrogen-bond-propagated
ordering of interfacial water molecules (Eriksson et al., 1989); and ii) bridging air nanobubbles
between the hydrophobic surfaces (Parker et al., 1994; Stöckelhuber et al., 2004; Mishchuk et al., 2006).
The latter mechanism is now generally accepted as the key to the origin of long range hydrophobic
forces. Nano- and/or submicro-metre bubbles and/or continuous thin air films have been detected at
hydrophobic solid surfaces immersed in aqueous solution using tapping mode Atomic Force
Microscopy (Ishida et al., 2000; Lou et al., 2000; Lou et al., 2002; Simonsen et al., 2004; Zhang et al.,
2006; Hampton and Nguyen, 2010; Craig, 2011), high-energy x-ray reflectivity experiments (Mezger et
al., 2006), neutron reflectivity experiments (Steitz et al., 2003), nonintrusive optical interferenceenhanced reflection microscopy (Karpitschka et al., 2012), optical microscopy using the total internal
reflection fluorescence excitation (Chan and Ohl, 2012), and synchrotron-based scanning transmission
soft X-ray microscopy (Zhang et al., 2013). Kinetics of the adsorption of CO2 molecules (mimicking
nucleation of air nano- and submicro-metre bubbles) dissolved in aqueous solution onto a
hydrophobised silica surface were also investigated using attenuated total reflection Fourier transform
infrared spectroscopy (Gong et al., 1999; German et al., 2014), and a quartz crystal microbalance (Yang
et al., 2007).
Where a hydrophobic surface immersed in aqueous solution is partially covered with nano- or
submicro-metre air bubbles, particularly where the electrical double layer is compressed due to high
electrolyte concentration and the Debye length is much smaller than the typical height of nano/submicro-metre bubbles, the initial wetting film (air bubble-aqueous solution-solid) resembles a
foam film (air bubble-aqueous solution-air nano-/submicro-metre bubble). The Hamaker coefficient
for a symmetric system is positive and the van der Waals interaction becomes attractive, rather than
repulsive.
The amount and size of nucleated nanobubbles should depend on the amount of gas dissolved in
the aqueous phase. Considine et al. measure the forces acting between two polystyrene latex spheres
in aqueous media. They found out that the attractive force they measured was dependent on the
amount of dissolved gas and its range decreased significantly when the level of dissolved gas in the
water was reduced (Considine et al., 1999). Studies of aggregation rates and stability ratios allow the
indirect assessment of interparticle forces (Trefalt et al., 2013). Snoswell et al. (Snoswell et al., 2003)
studied the aggregation kinetics of hydrophilic and hydrophobic (methylated) silica particles in the
presence of dissolved CO2. They showed that hydrophobic particles underwent faster aggregation
rates with increasing concentrations of dissolved carbon dioxide and concluded that “Surface
heterogeneity, both chemical and physical, and hydrophobicity promote the formation of gas bubbles. These very
small surface bubbles are predicted to change both the van der Waals and electrostatic forces acting between the
particles”.
Here we aim to investigate the effect of the dissolved air on the thin liquid film stability and the
bubble attachment to atomically smooth, model hydrophobic surface of highly oriented pyrolytic
graphite in 10-1 M KCl. The use of such a system allows us to rule out any effects arising from electric
double layer forces, as well as solid surface roughness.
2. Materials and methods
Highly oriented pyrolytic graphite, HOPG, of SPI-1 grade (mosaic spread angle of 0.4° ± 0.1°) was
purchased from SPI Supplies (USA) and used for all experiments. 1×1 cm2 square surfaces were used
for bubble-surface collision experiments, while discs of diameter of 1 cm were used to measure
streaming potential. A fresh surface of HOPG was exposed by peeling the top layer of the mineral
sample using clean tweezers and/or a scalpel blade prior to each experiment. HOPG was chosen as it
is atomically smooth and any effects related to surface roughness are not present on such a surface. In
reality there are some defects in the material, and the mosaicity, defects and granular structure
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between HOPG samples may vary. This is dependent on how HOPG is made by the supplier (mostly
the annealing temperature and times).
KCl (99%, AR) was purchased from Chem-Supply, Australia. KCl was calcined (550 °C for 8
hours), recrystallised, and calcined again (550 °C for 8 hours) to ensure removal of any surface active
impurities. Three types of 10-1 M KCl solution with different air content were prepared using purified
KCl and Milli-Q water (supplied by an Advantage A10 system from Millipore, USA, with a resistivity
of 18.2 Mcm, an interfacial tension of 72.4 mN/m at 22 °C, and a total organic carbon component of
less than 4 mg/dm3). To prepare degassed 10-1 M KCl solution, Milli-Q water was boiled for 30 min
and purified KCl was dissolved once the water cooled to room temperature. The ultrasonic removal of
dissolved gas (for 30 min) was the last step. The normal 10 -1 M KCl solution was prepared by
dissolving purified KCl in Milli-Q water without any further treatment. The air saturated 10 -1 M KCl
solution was prepared by cooling Milli-Q water down to 4°C and then bubbling purified compressed
air through a glass porous frit into the solution for 45 min. The pH of air saturated solution was 5.6.
Therefore, to keep both ionic strength and pH constant, the pH values of degassed and normal 10 -1 M
KCl solutions were adjusted to 5.6 with 10-1 M and 10-2 M HCl (volumetric grade, Scharlau, Spain).
Bubble-surface collisions and the dewetting kinetics experiments on bare HOPG surfaces in
degassed, normal and air saturated 10 -1 M KCl solutions were carried out using a rising microbubble
apparatus (Kor et al. 2014; Wu et al., 2015). Air bubbles (bubble radius, Rb, of 190 – 212 m) were
released by a microfluidic chip and allowed to rise in a borosilicate column of a square (30 mm×30
mm) cross-section filled with the 10-1 M KCl solutions containing different quantities of dissolved air.
Air bubble collisions with either solution-air or solution-HOPG interfaces were recorded at ~ 8 cm
above the point of bubble formation (i.e. at the point where the air bubble was moving with its
terminal velocity) with a frequency of 2000 Hz using a high speed CCD camera (SA3, Photron)
connected to a stereomicroscope (SZ-CTV, Olympus). Thirty collisions were recorded and analysed
for each solution condition.
The Zeta potential, , of HOPG was determined from streaming potential measurements using a
rotating disc principle (Rogers and Lance, 1960). A ZetaSpin 2.0 instrument (Zetametrix, USA) was
used. The HOPG surface was attached to a sample holder and placed in the measuring chamber 0.3
mm above the reference electrode. In order to minimize bubble presence/adhesion at the HOPG
surface upon sample rotation, degassed solutions of 10 -4 M, 5×10-4 M, 10-3 M, 5×10-3 M, and 10-2 M KCl
at pH 5.6 were used during the experiments. The measured streaming potential is the jump in the
voltage recorded as the motor switches the sample rotations (3000 RPM) from off to on and back off
again. In order to avoid unsteady drift during sample rotation, the sample rotation rate was
modulated by a square wave. The streaming potential was the average taken from 10 measurements.
The zeta potential was determined using the following formula (Sides et al. 2006; Sides and Prieve
2013):
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where: l is the liquid conductivity,  is the kinematic liquid viscosity, l is the liquid permittivity, d is
the HOPG sample diameter,  is the sample rotation rate (in radians per second), z is the distance
between the HOPG sample and the reference electrode and s is the measured streaming potential.
All the measurements were carried out at T = 22±1 °C.
3. Results and discussion
To avoid kinetic effects such as the bubble bouncing off the solution-HOPG interface, the bubble
collision experiments were carried out using air bubbles in the size range 190 m < Rb < 212 m, with
Rb being the bubble radius. The Reynolds numbers, Re, for such bubbles are between 17 and 23. The
terminal velocities of air bubbles rising in 10-1 M KCl solutions were measured from the difference in
the air bubble position as a function of time. The terminal velocities for air bubbles in this size range
were 38 – 49 mm/s. These experimentally measured terminal velocity values are in a good agreement
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with the ones predicted by Klaseboer et al. for bubbles of 0 < Re < 500 (Klaseboer et al. 2011)
indicating that the air bubble surface is fully mobile and there are no adsorbing surface active
impurities in our system (Malysa et al., 2005; Zawala et al., 2007; Malysa et al., 2011; Zawala et al.,
2015).
Since solution degassing poses serious challenges in any experiments involving air bubbles, i.e.
generated air bubbles can dissolve in the solution in order to restore the equilibrium, only ‘mild’
solution degassing (i.e. Milli-Q water boiling and ultrasonication) was used for bubble rise and
collision experiments. The size of the first 15 air bubbles generated in degassed, normal and air
saturated 10-1 M KCl solutions was measured as a function of the distance from the microfluidic chip
outlet. There was no detectable bubble size decrease (for degassed 10 -1 M KCl solution) nor increase
(for air saturated 10-1 M KCl solution). The bubbles radii were, within the experimental error, the same
for all three solutions.
The air bubbles rise at their terminal velocity before they approach the solution-air or solutionHOPG interface. When the air bubble approaches the interface its velocity starts to decrease
approximately 1 bubble diameter away from the interface. A typical velocity profile as a function of
bubble distance from the solution-air interface (normalized to bubble radius) is presented in Figure 1.
For an air bubble of Rb = 198 m, its terminal velocity (ca. 44 mm/s) decreases to ca. 38 mm/s when
the bubble is one radius away from the free interface. The further decrease in velocity as the bubble
approached the solution-air interface is even more apparent.

Fig. 1. Velocity of an air bubble (Rb = 198 m) approaching the 0.1 M KCl-air interface as a function of its distance
from the interface. The distance is normalized to Rb. The photos inserted in the top panel of the graph show the
rapid (fraction of a millisecond) process of bubble coalescence, i.e. t0 = trupture

When the air bubble touches the interface at t0 (see the inserted sequence of photos in the top panel
of Fig. 1) it bursts immediately, coalescing with the solution-air interface. The process is much quicker
(i.e. fraction of a millisecond) than for larger air bubbles, i.e. for air bubbles of Rb = 740 m the bubble
coalescence time with the water-air interface, estimated from the moment when the bubble stays
motionless, is ca. 3 ms (Zawala et al., 2015). Similar behaviour, i.e. a decrease in bubble velocity, is
observed when the bubble approaches the solution-solid interface. Figure 2 shows a sequence of
photos for a bubble colliding with a solution-HOPG interface in degassed (top panel of Figure 2),
normal (middle panel of Fig. 2), and air saturated (top panel of Fig. 2) 10–1 M KCl solution. t0 indicates
the first frame when the bubble stays motionless beneath the HOPG surface. The wetting film between
the air bubble and the HOPG surface then starts to drain and, after reaching a critical thickness, it
ruptures. The three phase contact line, TPCL, is formed at trupture, and its perimeter increases, ensuring
strong bubble attachment to the HOPG surface. Even though the wetting film ruptures in all three
cases, the film drainage time, tdrainage, as well as the kinetics of the dewetting process, is different and
dependent on the amount of air dissolved in the 10–1 M KCl solution. The time of film drainage, i.e.
time from the moment when the air bubble does not move beneath HOPG surface (t0) until the
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wetting film ruptures (trupture), is the longest for degassed 10–1 M KCl solution (tdrainage = 411.7 ± 154.2
ms, see black bars in Fig. 3A). The value of tdrainage decreases by a factor of 2, down to 186.4 ± 98.6 ms,
for an air bubble colliding with a HOPG surface in normal 10 –1 M KCl solution. The most significant
decrease in the time of film drainage is recorded for air saturated 10–1 M KCl solution. The value of
tdrainage is smaller by factor of 30 and it is only 6.1 ± 2.4 ms. The tdrainage in air saturated 10–1 M KCl
solution is in a good agreement with the film drainage times for air bubble colliding with HOPG
surface in nitrogen saturated KCl solution (Wu et al., 2015).

.
Fig. 2. A representative sequence of images showing the film rupture and dewetting at a freshly cleaved HOPG
surface in: degassed 10–1 M KCl, pH 5.6 solution (top panel), normal 10 –1 M KCl, pH 5.6 solution (middle panel),
and air saturated 10–1 M KCl, pH 5.6 solution (bottom panel)

Once the TPCL is formed, and further dewetting occurs, the dewetting can be the best described by
the evolution of the receding contact angle, rec, as a function of time: the larger rec and the faster this
value is achieved the stronger is the bubble attachment to the solid surface. The top (degassed 10 –1 M
KCl solution) and middle (normal 10–1 M KCl solution) panels in Fig. 2 show a similar final (static)
receding contact angle value, while the air bubble attached to HOPG surface in air saturated 10 –1 M
KCl solution shows a distinctively larger value of rec.
A Matlab code was used to determine and extract receding contact angle values vs time. Detailed
information about this process is given in the supporting information of (Kor et al., 2014). The
dynamic receding contact angle values formed during the dewetting of HOPG surfaces in degassed
(empty circles), normal (grey circles), and air saturated (black circles) 10 -1 M KCl solution are given in
Fig. 3B. One clear difference between the three cases occurs in first stage of the dewetting process: the
dewetting is the slowest (with the least steep slope of the rec vs t graph) for the degassed 10-1 M KCl
solution. The static rec is not reached until 20-25 ms after the wetting film rupture. The dewetting is
faster in normal 10-1 M KCl solution and the static rec is reached after 3-7 ms from the wetting film
rupture. The fastest dewetting (with the steepest slope of the rec vs t graph) occurs in air saturated 10-1
M KCl solution. The static rec is reached almost instantaneously, within 1-2 ms from the wetting film
rupture. The static receding contact angles are, within the experimental error, the same for air bubbles
attached to HOPG surface in degassed (51 ± 4 °) and normal (52 ± 5 °) 10-1 M KCl solutions (compare
grey bars in Fig. 3A and data for longer, i.e. 50 ms, times in Fig. 3B). The static receding contact angle
is significantly higher (63 ± 6 °) for the air bubble attached to HOPG surface in air saturated 10-1 M
KCl. The fact that: (i) the film drainage is significantly shorter, (ii) the dewetting kinetics is
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significantly faster, and (iii) the static receding contact angle value is the highest in air saturated 10 -1 M
KCl solution indicate that dissolved air must play a significant role in all these processes.

Fig. 3. Panel A – time of the wetting film drainage, tdrainage (black bars, left y-axis) and static receding contact
angle, rec (grey bars, right y-axis) in degassed, normal, and air saturated 10-1 M KCl, pH 5.6 solution. Panel B –
dynamic receding contact angle formed during the dewetting of HOPG surface in degassed (empty circles),
normal (grey circles), and air saturated (black circles) 10 -1 M KCl, pH 5.6 solution. Bubble radius, Rb = 201 ± 11 m

Fig. 4. Zeta potential determined from streaming potential measurements for HOPG surface in degassed KCl
solution of different concentration at pH 5.6

The zeta potential for the HOPG surface at pH 5.6 is negative (see Fig. 4). Since the zeta potential
cannot be measured at high ionic strengths we determined its value at lower salt concentrations and
extrapolated the zeta potential value for 10-1 M KCl to be c.a. – 8 mV. The zeta potential of an air
bubble in 10-1 M NaCl (assuming there is no specific Na+ ion adsorption at solution-air interface there
should be no difference between NaCl and KCl solutions) at pH 5.6 is c.a. – 12 mV (Yang et al., 2001).
The negative zeta potentials at both air-solution and solution-HOPG interfaces will result in repulsive
electric double layer forces between these surfaces (see dashed line in Fig. 5). This means the
electrostatic component of the total force stabilises the wetting film at an HOPG surface, acting to
prevent its rupture. On the other hand, it is worth noting that we have chosen high ionic strength, I,
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equal to 10-1 to minimise the effect of electrostatic interactions. For I = 10-1 the electric double layer
forces are very short range (Debye length, 1/, is 0.96 nm) and weak (zeta potential for solutionHOPG interface is - 8 mV, while the one for air bubble - 12 mV) – as clearly seen in Fig. 5. The
Hamaker coefficient for carbon-water-air system is negative: -5.68·10-20 J (Donose et al., 2009). This
results in repulsive van der Waals interactions (see black dotted line in Fig. 5 – van der Waals force is
non-zero at film thicknesses as large as 20 – 30 nm). Since both electrical double layer and van der
Waals forces are repulsive (as shown in Fig. 5), wetting film rupture between an air bubble and a
HOPG surface is indeed paradoxical.

Fig. 5. The normalised (in respect to bubble radius, Rb) interaction forces between an air bubble and HOPG
surface in 10-1 M KCl at pH 5.6 vs wetting film thickness, h. Non-retarded van der Waals interactions (dotted
black line) were calculated for a sphere-flat surface geometry (Parsegian, 2005). The Hamaker coefficient used for
carbon-water-air system was -5.68·10-20 J (Donose et al., 2009). The electrostatic interactions for the system were
computed using constant potential boundary conditions and the Hogg-Healy-Fuerstenau (HHF) approximation
(Hogg et al., 1966). The zeta potential value for bare surface HOPG (-8 mV) and -12 mV (Yang et al., 2001) were
used in place of surface potentials, Rb = 200 m

In our studies, the stability of the wetting films at HOPG surfaces decreases with the increase of air
dissolved in 10-1 M KCl solution. The amount of dissolved air does not change the physicochemical
parameters of bulk materials, hence should not affect Hamaker coefficient. However, it promotes
nano-/submicro-metre bubble nucleation at hydrophobic surface such as HOPG. One of the first to
propose that gas was able to exist in water in two forms: dissolved gas molecules and gas nuclei, of
submicroscopic dimensions was Wrobel (Wrobel, 1952). He concluded that without the presence of
gas nuclei, no bubble formation was possible, even at high solution saturation with gas. These
findings explain why bubble formation is only possible where inhomogeneities, such as pre-existing
gas nuclei or gas trapped in crevices of solid surface, are present in the thin liquid film. Even though
HOPG is smooth it will have some local defects and inhomogeneities (i.e. terraces) where the nano/submicro-metre bubble formation will occur. Where the HOPG surface is partially coated with small
bubbles of height 10-80 nm (Zhang et al., 2006), i.e. greater than the Debye length at the HOPGsolution interface (1/ = 0.96 nm) the initial air bubble-solution-HOPG interaction becomes an air
bubble-solution-air nanobubble interaction, on those parts of the HOPG surface where nanobubbles
reside. The probability of nano-/submicro-metre bubble nucleation at HOPG surfaces increases with
the increase of the dissolved air in 10-1 M KCl solution, explaining the trend in the decreasing wetting
film stability observed for solutions with increasing amount of dissolved air. This is consistent with
early work of Wrobel (Wrobel, 1952), who concluded that the flotation rate and recovery of particles
were found to be proportional to the amount of gas nuclei present in the system. With this in mind let
us consider the balance of surface forces acting in the discussed systems. The forces acting in 10-1 M
KCl between a macroscopic air bubble and air nanobubbles, i.e. across the foam film, are plotted in
Fig. 6. Since the zeta (and surface) potential at both interfaces is the same (in sign and in magnitude)
the electric double layer forces are repulsive (and due to high ionic strength weak and short range –
see black dashed line in Fig. 6).
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Fig. 6. The normalized (in respect to nanobubble radius, Rnb) interaction forces between an air bubble and
nanobubble in 10-1 M KCl at pH 5.6 vs foam film thickness, h. Non-retarded van der Waals interactions (dotted
black line) were calculated for the sphere-sphere geometry (Parsegian, 2005). The Hamaker coefficient used for
air-water-air system was: 3.7×10-20 J (Israelachvili, 2011). The electrostatic interactions for the system were
computed using constant potential boundary conditions and the Hogg-Healy-Fuerstenau (HHF) approximation
(Hogg et al., 1966). The zeta potential of -12 mV (Yang et al., 2001) was used in place of surface potentials,
Rb = 200 m, Rnb = 50 nm

The Hamaker coefficient for air-water-air system is positive: 3.7×10-20 J (Israelachvili, 2011) and
hence the van der Waals interactions are attractive. The van der Waals force is non-zero at film
thicknesses as large as 20 nm (see black dotted line in Fig. 6). It is the dominating force in such
systems, and hence the total force is also attractive (see grey solid line in Figure 6) and acts to
destabilise the foam film and promote macroscopic air bubble attachment to a HOPG surface with
resident nano-/submicro-metre bubbles. The presence of nano-/submicro-metre bubbles was
reported to be responsible for the film rupture at other hydrophobic surfaces (Mahnke et al., 1999;
Yang et al. 2003; Stöckelhuber et al., 2004; Slavchov et al., 2005; Mishchuk et al., 2006; Krasowska and
Malysa, 2007a; Krasowska et al., 2007; Krasowska et al., 2009; Kosior et al., 2013), however none of the
studied surfaces were as smooth as HOPG, therefore there was always an underlying effect of surface
roughness. By choosing atomically smooth HOPG, performing experiments at high ionic strength, and
gradually increasing the amount of air dissolved in 10 -1 M KCl solution, we were able to decouple
effects due to roughness and electrical double layer forces, with the observations being explainable
solely by considering van der Waals interactions.
4. Conclusions
The stability of thin liquid films between HOPG and air bubbles in 10 -1 M KCl solution under quasiequilibrium conditions depends on the amount of air dissolved in the aqueous phase. The film
becomes less stable (as indicated by shorter times needed for film drainage and rupture) with
increasing amount of dissolved air. The kinetics of the dewetting process is also affected by the
dissolved air: the dewetting is the fastest (and the final receding contact angle the largest) in the case
of air saturated 10-1 M KCl. The instability of the thin liquid film is attributed to the attractive van der
Waals interactions between a macroscopic air bubble and nano-/submicro-metre bubbles nucleated at
the HOPG surface. The number (and size) of nucleated nano-/submicro-metre bubbles will likely
increase with the amount of air dissolved in aqueous phase, resulting in faster thin liquid film rupture
and macroscopic air bubble attachment to HOPG surface.
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