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The atomic force microscope was used to analyse the interactions between bubbles and oil droplets in

surfactant-free aqueous solutions. Both homo- (bubble-bubble and drop-drop) and hetero- (bubble-

drop) interactions were examined to elucidate the role of colloidal and hydrodynamic forces which,

together with interfacial deformations dictate the stability in these systems. It is shown that electrical

double-layer forces can be rendered attractive within a small pH range, and that the Van der Waals

force can be switched from attractive to repulsive by material choice and ionic strength through salt

effects on the so-called ‘zero-frequency’ term of the Lifshitz theory. By measuring interaction events

between bubbles and drops at higher velocities, it is seen that deformation of the bodies and lubrication

in the film generated between them can be predicted with a continuum hydrodynamic theory. These

results suggest that solution pH and droplet material choice can be used to enhance or inhibit

coalescence in such multi-component and multi-phase systems, and this may prove useful in controlling

the behaviour of systems in microfluidics, as well as dispersion and formulation science.
Introduction

Interactions between droplets of oil and gas bubbles are central

to tuning the desired properties during the manufacture of

foodstuffs such as ice cream and mousse,1 cosmetics and phar-

maceuticals, and in mineral flotation and separation.2 The

interactions in such multi-component and multi-phase systems

affect static properties such as shelf-life, as well as dynamic

properties such as mouthfeel and texture. However, the possi-

bility of homo- and hetero- interactions which can occur means

that their analysis and formulation represents a significant

theoretical and experimental challenge. Additionally, these

systems tend to be decorated with surfactant or polymer stabi-

lisers, which further complicate the interactions. Recently,

bubble-drop systems have attracted interest in the field of micro-

fluidics, where their ability to ‘pair’ or coalesce but remain

immiscible is of use.3,4 In these cases, the droplets and bubbles
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tend to be ‘naked’, or free of stabilisers. The forces which control

this behaviour are still however incompletely understood.

Owing to their ubiquity in emulsions and foams, analysing the

interactions between deformable oil droplets and bubbles in

water has attracted considerable attention in recent years.5–7

Thus far, this research has focused on the homo-case. The homo-

interaction between two emulsion droplets or bubbles in aqueous

solution can be quantified in terms of the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory, developed originally to

understand the stability of dispersions of solid particles. For

homo-interactions, the surface forces comprise repulsive elec-

trical double-layer (EDL) and attractive Van der Waals (VdW)

forces. It has even been possible to analyze and model dynamic

interactions between such deformable objects with quantitative

precision, whereby lubrication in the thin aqueous film between

the interacting interfaces is a key feature.5,8,9

However, for the hetero-system of a droplet and bubble

interacting through an intervening aqueous phase, the scenario

becomes more complex, as the bodies may deform to different

extents,10 and the DLVO forces can be attractive or repulsive,

depending upon the material and charging properties of the

liquid phases and interfaces.

In addition to the classical DLVO interaction, there may be

a short-range hydrophobic force that acts between hydrophobic

entities in aqueous solutions at very small separations.11 This

short-range hydrophobic interaction attraction is significant

when surfaces are brought to within separations of a few water

molecules diameter or less. It has been suggested to be entropic in

origin, relating to the preferred orientation of water molecules at
Soft Matter, 2011, 7, 8977–8983 | 8977
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hydrophobic interfaces.12 This interaction is often cited as being

responsible for folding interactions in proteins, but should also

be expected to operate at similar separations between all

hydrophobic surfaces. It is important to distinguish this short-

range interaction from the apparent long-range hydrophobic

force that has been suggested to exist between hydrophobised

solid surfaces in water and extends over 100 nm or more.13,14 In

our present experiments, we see no evidence for such a long-

range interaction.

When a droplet and bubble interact, they may either remain as

discrete bodies during and after the interaction when a repulsive

force dominates, or a coalescence event may occur when

attraction dominates. In the case of coalescence, because the

bodies are immiscible, one can engulf or partially engulf the

other, or a lens can form. In each case, an air-oil interface is

formed. If one body is immobilised on a solid substrate - which is

always the case in the experiments presented here - then the

coalescing body will form a floating lens on the immobilised

body, and this can be observed using optical microscopy. The

geometry of this final state will be controlled by the interfacial

and surface energies of the various interfaces within the 3-phase

system,15 and whether or not the contact line of the surface-

immobilised body is ‘pinned’ in place, or able to move.

In this work, we use the atomic force microscope (AFM) to

undertake a detailed study of the interactions between an air

bubble and droplets of hydrocarbon or fluorocarbon oils. We

explore separate regions where hydrodynamic drainage forces

and equilibrium surface forces dominate. In order to provide

a full ‘tool-kit’ with which to analyse these systems, homo-

measurements were also made between pairs of droplets and

bubbles. The results suggest that both material choice and

solution conditions can be used to enhance or inhibit coalescence

between dissimilar colloids.
Fig. 1 Schematic of the experimental set-up, showing a bubble on the

cantilever positioned above a surface-immobilised drop. Relevant

parameters and dimensions are labeled, and defined in the text below.
Materials and methods

Materials

Tetradecane (TD) and perfluorooctane (PFO) were obtained

from Sigma (99%), and purified by column chromatography over

Florisil (Sigma). Their purity was determined by drop-shape

analysis tensiometry (DataPhysics OCA tensiometer), giving

equilibrium interfacial tension values of 54.2 � 0.5 mN m�1 for

TD and 50.5 � 0.5 mN m�1 for PFO. Solution pH was adjusted

by addition of concentrated nitric acid or sodium hydroxide

solution (both from Sigma, used as received). Deionised water

was from a Milli-Q system, with minimum resistivity 18.4 MU

cm. Before use, all glass surfaces were cleaned sequentially in

10%Ajax detergent, then 10% nitric acid, and finally 10% sodium

hydroxide, each step being followed by rinsing with copious

amounts of deionised water.

Bubbles were generated using an ultrasonic transducer

(Undatim Ultrasonics D-reactor), at a frequency of 515 KHz,

and power of 25 W. The substrates used for bubble generation

were glass Petri dishes that had been cleaned and then partially

hydrophobised through an esterification reaction in absolute

ethanol for 2 h.16 This was found to generate a surface of inter-

mediate hydrophobicity that was appropriate for immobilising

bubbles, but which allowed them to be readily picked up by the
8978 | Soft Matter, 2011, 7, 8977–8983
AFM cantilever. The contact angle of bubbles on this substrate

was found to be around 60�. For measurements involving PFO,

droplets of the oil were generated using a 100 mL syringe to

disperse a few mL of the oil under water in a 6 cm Petri dish.9 For

TD experiments, droplets were generated by nebulising the oil

with a glass syringe over a surface composed of 100 nm of gold

which had been deposited on a glass cover slip (Menzel-Gl€aser

22 � 22 mm, #1 thickness) using an Emitech K575x sputter

coater, with an intermediate layer of 10 nm of chromium as an

adhesion promoter. This surface was then modified by immer-

sion in a 1 mM solution of 1-decanethiol in ethanol. The

observed macroscopic contact angles of TD and PFO on these

substrates in water were 90� and 155� respectively.
AFM measurements

Rectangular silicon AFM cantilevers (450 � 50 � 3 mm) were

custom made, with a circular gold region (diameter 45 mm,

thickness z 20 nm) added at z 2 mm from the end by focused

ion-beam deposition (Fig. 1).17,18 Cantilever spring constants, K,

were determined by the method of Hutter and Bechhoeffer.19 The

AFM measurements were performed on an Asylum MFP-3D

AFM, equipped with a linear variable differential transformer

(LVDT) sensor in the Z-movement direction, to allow direct

detection of cantilever Z-position during force measurements.

This has been shown to be vital for accurate dynamic force-

displacement measurements, as the instantaneous velocity of the

piezo drive is not constant.17

Bubbles and droplets used for measurements had diameters in

the range 80–150 mm. Interaction events were measured by using

the AFM cantilever to pick one bubble or droplet up, and driving

this towards a substrate-immobilised bubble or droplet at

a nominally constant speed until either coalescence occurred, or

until a fixed deflection of the cantilever was reached in the case of

stable, repulsive interactions.7 The effects of surface forces were

examined at low speeds (0.2 mm s�1) where hydrodynamic effects

are negligible.8 To measure dynamic interactions where hydro-

dynamics are important, much higher velocities in the range 10–

100 mm s�1 were used. Deflection of the cantilever was measured

by the optical lever method, and converted to a force using the

cantilever spring constant. Experiments were arranged and
This journal is ª The Royal Society of Chemistry 2011
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followed with high-magnification optical microscopy from below

(Nikon TE2000, 40x objective). This allowed a precise

measurement of bubble radii to be made with a tolerance of �2

mm. A micro-positioning system was used to align the surface-

immobilised bubble or droplet below the cantilever-attached

bubble or droplet. This alignment was essential to ensure that the

interactions were axisymmetric, which is a requirement in

obtaining reproducible data for theoretical analysis.5,18
Theoretical modeling

A theoretical model was used to predict both the quasi-static

data, where hydrodynamics is negligible and surface forces

dominate, and the dynamic data, where high collision velocities

were used and hydrodynamics plays an important role in deter-

mining the force experienced by the drops and bubbles. This

model has been presented in considerable detail in previous

work.7,8,10,20 When dealing with two deformable objects with

different interfacial tensions, minor modifications are required.

This version of the model has been described by Chan et al.,7,10

but the key changes are also detailed here. The harmonic mean, s

of interfacial tensions of the water-air bubble, sb and water-oil

droplet, sd: s ¼ (2sbsd)/(sb + sd) is used to define the capillary

number,Ca¼ mVs, where m is the dynamic viscosity of water and

V is the characteristic drive velocity.

The asymptotic boundary condition was also altered slightly

to take into account the two interfacial tensions. The scaled

asymptotic boundary condition at radial position r ¼ rmax is

expressed as:

vh

vt
þ vF

vt
M ¼ vX

vt
(1)

where h is the film thickness, F the force, and X the separation

between the cantilever and surface. The function M is expressed

as:

M ¼ 1

2sb

�
log

�
rmax

2Rb

�
þ Bb

�
þ 1

2sd

�
log

�
rmax

2Rd

�
þ Bd

�
(2)

where Rd and Rb are the droplet and bubble radii. Bb and Bd are

expressed as:

Bi ¼ 1þ 1

2
$log

�
1þ cos qi

1� cos qi

�
(3)

where i¼ b, d and qb and qd are the contact angle of the bubble on

the cantilever, and droplet on the surface (both in water)

respectively. These expressions assume that the contact line that

the droplet and bubble make on the surfaces on which they are

immobilised is pinned (i.e., unable to move during interactions)

which is always observed in these experiments.

In order to obtain individual predicted deformations for the

droplet and bubble at various time points during dynamic

interactions, a slight extension to the model was used. A general

equation that describes the bubble/droplet profile, z, is:

ziðr; tÞ ¼ Rið1� cosqiÞ � r 2

2Ri

þ ai ðr; tÞ (4)

where i¼ b, d for bubble or droplet, and a(r, t) is the deformation

of the bubble/droplet. For small deformations, that are
This journal is ª The Royal Society of Chemistry 2011
appropriate to the present experiments, the drop profile given by

the linearised Young-Laplace equation is:10

� si

r

v

vr

�
r
vzi

vr

�
¼ 2si

Ri

� ðPþ pÞ (5)

where P is the disjoining pressure in the film due to surface

forces, and p is the hydrodynamic pressure in the film, relative to

the bulk pressure. Substituting eqn (4) into the linearised Young-

Laplace equation gives:

v

vr

�
r
vai

vr

�
¼ r

si

ðPþ pÞ (6)

This equation may be integrated to give:

aðrÞ ¼ aðrmaxÞþ rmax

�
va

vr

�
max

log

�
r

rmax

�

� 1

si

ðrmax

r

ðPþ pÞlog
� r
r
0

�
r
0
dr

0
(7)

a(rmax) can be found by using the analytical solution for the outer

region which is applicable for r ¼ rmax,
10 and (vai/vr)rmax

can be

found by using the boundary condition (vai/vr) / 0 as r / 0.

This gives: �
vai

vr

�
rmax

¼ 1

sirmax

ðrmax

0

rðPþ pÞdr (8)

Results and discussion

By utilising results from the homo-bodied drop-drop and

bubble-bubble experiments before considering the hetero-bodied

case, a complete picture of the surface charging behaviour of all

of the components was obtained, in addition to an understanding

of the Van der Waals interactions (which dominate when charge

interactions are minimal, e.g., close to the isoelectric point)

within the system.
Van der Waals interactions

The retarded Hamaker functions for the material combinations

encountered in the experiments presented here were calculated

using Lifshitz theory,21 and are shown in Fig. 2. For the calcu-

lations, the dielectric function of water was taken fromDagastine

et al.22 and for tetradecane from Hough and White.23 Dielectric

data for PFO was estimated by a linear extrapolation of the UV

and IR oscillator strengths from the data given for C5 to C7

perfluorocarbons in the work of Drummond et al.24 Dielectric

data for all of the materials used are given in the ESI.† The two

homo-droplet systems (TD and PFO mutually interacting

through water) are expected to experience a relatively small,

attractive force corresponding to a positive Hamaker function,

as the difference between the dielectric functions of the oils and

water is low. The air-water-PFO interaction is also attractive,

with a Hamaker function that tends to a slightly larger magni-

tude at all separations.

Interestingly, the Hamaker function for air-water-TD shows

unusual behaviour. The first term in the Lifshitz summation (the

so-called ‘zero-frequency’ term) includes Keesom and Debye

dipolar contributions,25 and hence is related to the large value of
Soft Matter, 2011, 7, 8977–8983 | 8979
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Fig. 2 Top: Hamaker functions for material combinations used in these

experiments, calculated using Lifshitz theory, as described in the text. The

calculations are for an effective ionic strength of 1 mM, which partially

screens the zero-frequency term arising from the dipolar contributions of

water. Bottom: the effect of ionic strength on the Hamaker function for

air-water-TD.

Fig. 3 Effectively equilibrium interactions (at speed ¼ 0.2 mm s�1)

between like pairs of PFO droplets in aqueous solutions, measured using

AFM. The arrows indicate the point at which coalescence occurred for

droplets in solutions at pH 2.4, 3 and 4. Stable interactions were observed

for pH 5 and 8.5 up to the maximum applied load of 40 nN; retract

branches for these curves are not shown. Symbols are experimental data

points, and solid lines are model predictions, calculated using the Chan-

Dagastine-White model as described in the text.
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the static permittivity of water. In the present system, this term

makes a large attractive contribution at low ionic strengths, but

its magnitude will be screened with the addition of salt.26 Thus at

a separation of z 10 nm, the air-water-TD Hamaker function is

positive (corresponding to attraction) at low ionic strength, but

becomes negative (corresponding to repulsion) as ionic strength

is increased. This change of sign and magnitude suggests another

possible method by which interactions between materials can be

controlled and manipulated. It is clear that this behaviour is

highly dependent on the dielectric data for water. For compari-

son, Hamaker functions were also calculated for air-water-TD in

various salt conditions using the spectral construction for water

of Parsegian and Weiss,27 and the Cauchy form given by Hough

and White.23 The overall form of the Hamaker functions are

similar for each water spectrum, and agreement at larger sepa-

rations is good, although the magnitudes at smaller separations

differ somewhat. These results are included in the ESI.† It is

worth noting that the predicted Van der Waals forces experi-

enced by these systems are an order of magnitude smaller than,

for example, two bubbles interacting in water (where the limiting

value of the Hamaker function is 5.2 � 10�20 J at small separa-

tions),7 or many air-water solid interactions.28
Fig. 4 Surface potentials derived from model fitting the slow approach

data for homo-interactions between like pairs of droplets and bubbles.

Data for bubbles are taken from previous work.7 The error bars reflect

the sensitivity of the predicted fits to the surface potential. Lines are

drawn as a guide to the eye, and the shaded region indicates where the oil

droplets and air bubble have different surface charges, and hence would

be expected to experience an attraction due to electrical double-layer

forces.
Electrical double-layer interactions and surface charging

The surface potentials of oil droplets were obtained by using the

AFM to measure the force experienced during the approach of

two like droplets at low speed, shown for PFO in Fig. 3. By fitting

the data to the expected force calculated using the Chan-Dag-

astine-White model,7,29,30 which accounts for both surface forces

and deformation of the droplets, it was possible to extract the

surface potentials. In this fitting procedure, the only ‘free’

parameter is the surface potential, as droplet radii, contact angles

and interfacial tensions were measured experimentally, and a full
8980 | Soft Matter, 2011, 7, 8977–8983
retarded Hamaker function was calculated (see above). When the

surface potential is low, the film between droplets becomes very

thin, and may become thin enough to allow the Van der Waals

force to induce coalescence. For such thin films, the force is very

sensitive to the surface potential, and hence very accurate values

are obtained. Conversely, the force/separation data is relatively

insensitive to the thick films preserved by large surface potentials

at high pH, and this is reflected in the error bars on the data

points in Fig. 4.

The surface potential of air bubbles using this AFM technique

has been published previously,7 and these results were found to

be in good agreement with those obtained by electrophoresis.31

There appears to be very little difference in the charging
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Effectively equilibrium interactions (at speed ¼ 0.2 mm s�1)

between a bubble and PFO droplet measured using the AFM at pH 3.0

and 4.5. Symbols are experimental data points, and solid lines are model

predictions generated using the Chan-Dagastine-White model.
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behaviour and isoelectric point of hydrocarbon and fluoro-

carbon droplets. This is consistent with observations by Creux

et al.,32 who found the zeta potential of a wide range of different

oils to be virtually identical within experimental error. These

results may also help to resolve earlier qualitative observations of

what were thought to be the anomalous differences in the coa-

lescence behaviours of hydrocarbon and fluorocarbon drops as

a function of pH using AFM.33 Despite apparently similar, low

zeta potentials seen for the two drop types in that work (and

confirmed in the current study), coalescence behaviour for the

two oils differed at low pH. The current work suggests that this

may be due to changes in the magnitude of the Hamaker function

with electrolyte concentration. Recent improvements in experi-

mental protocol34 have increased the sensitivity and precision of

force measurements with droplets, and hence the current work

provides significant quantitative advances.

It is interesting to note that the apparent isoelectric point (IEP)

of oil droplets is 1–1.5 pH units lower than that of air bubbles.

This could suggest a difference in the affinity of the respective

interfaces for the various ionic species in solution. Assuming that

the negative charge at the oil-water and air-water interfaces

results from strong, specific adsorption of hydroxide ions,32,35

this may suggest that the oil-water interface has a greater affinity

for these ions than does the air-water interface, or that carbon

dioxide species are less able to displace hydroxide for oil-water

than for air-water interfaces.
Fig. 6 Effectively equilibrium interactions (at speed ¼ 0.2 mm s�1)

between a bubble and TD droplet measured using the AFM in various

solution conditions. For interactions at pH 5 and 3.2, the solution ionic

strengths were dictated solely by the pH, and hence were 0.05 and 0.63

mM respectively. Symbols are experimental data points, and solid lines

are model predictions generated using the Chan-Dagastine-White model.
Hetero-interactions

From the Hamaker functions presented in Fig. 2, it appears that

the sign of the Van der Waals interaction can be modified by

material selection and ionic strength. For droplets and bubbles in

concentrated salt solutions (where Debye lengths are short and

charges are screened), this already suggests a method by which

some control over bubble-drop coalescence or pairing could be

exerted. Here, ‘coalescence’ refers to the state in which the bubble

and droplet are connected by an air-oil interface (i.e., that no

water film remains between them). Additionally, electrical

double-layer interactions should also offer some degree of

control. Because the isoelectric point of the oil droplets and air

bubbles are at different pH values, there is a ‘window’ of around

1.5 pH units between pH 2.5 and pH 4 (see Fig. 4) in which the

sign of the surface potential on the bubbles and drops will be

opposite, causing an attraction. Outside of this window, EDL

forces will be repulsive. Hence, by small adjustments in solution

pH, it should be possible to cause or inhibit coalescence of

bubble-drop pairs.

To demonstrate these predicted effects experimentally, inter-

actions between oil droplets and air bubbles were measured in

a range of pH and salt conditions. For PFO, these interactions

were accurately predicted by inference from the calculated

Hamaker functions and measured surface potentials, and are

shown in Fig. 5. At pH 3.0, which is within the attractive

‘window’ where the surface charge of the oil-water and air-water

interfaces are of different sign, a pure attraction between the

bubble and droplet is seen, resulting in coalescence. Just outside

of this region, at pH 4.5, a slight repulsion due to electrical

double-layer repulsion is observed. As the droplet and bubble

come closer however, the film thins sufficiently such that the Van
This journal is ª The Royal Society of Chemistry 2011
der Waals attraction causes coalescence. At higher pH values,

thick films are maintained by the more highly charged interfaces,

resulting in stable interactions.

For interactions between TD droplets and bubbles, the case

becomes more complex. Measured approach interactions are

shown in Fig. 6. At the low ionic strengths of pH 3.2 and pH 5,

the air-water-TD VdW interaction is still substantially attractive.

Hence, for interactions at pH 3.2, both electrical double-layer

and Van der Waals forces are attractive (as for air-water-PFO at

pH 3.0), and coalescence is observed. At pH 5, the air-water and

TD-water interface are both negatively charged (Fig. 4, but the

Van der Waals interaction is still overall attractive, which
Soft Matter, 2011, 7, 8977–8983 | 8981
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combine to give a small repulsion followed by coalescence at

close approach. For pH 5.5 but with 1 M electrolyte (NaNO3)

added, the Hamaker function has been rendered substantially

negative which gives a repulsive VdW interaction. At this ionic

strength, the Debye length is sufficiently short to render any

remaining electrical double-layer interaction shorter in range

than the Van der Waals interaction. In this case, the repulsion

provided by the Van der Waals interaction is great enough to

inhibit coalescence, resulting in a stable collision. The observa-

tions presented here are specific to the droplet/bubble sizes used.

By using significantly larger bodies, different film thicknesses

would be accessed due to the lower Laplace pressures encoun-

tered, and hence the behaviour could be different.
Fig. 7 Dynamic interactions between a bubble and PFO droplet at pH

6.5, measured using the AFM at nominal speeds of 36, 59 and 93 mm s�1.

The force is shown as a function of time, and the inset shows the

hydrodynamic ‘suction’ region bounded by the dashed grey box on an

enhanced scale. Symbols are experimental data points from the AFM

measurement, and solid lines are model predictions generated as

described in the text. Time values are offset to be relative to that at the

force maximum for clarity of presentation. Lower-case letters refer to

specific points of interest in the curve which are shown as deformations in

Fig. 8.

Fig. 8 Left pane: Interfacial deformations of an air bubble and TD

droplet, aB and aD respectively, during an approach interaction, where

the lower-case letters correspond to points in the force vs. time data

presented in Fig. 7. For each pair of interfaces, the dashed line represents

the deformation of the droplet, and the solid line of the air bubble. The

deformation is defined as the spatial difference between the deformed

interface, and the interface of the spherical, undeformed body, shown

schematically in the right pane. Right pane: Shaded shapes show the

deformed bodies (deformations not to scale), and the dashed lines

represent the equivalent undeformed interfaces, which would be observed

if there were no interaction.
Dynamic interactions

A robust and complete framework with which to understand

dynamic interactions between deformable bodies in terms of the

surface forces, lubrication and deformations has been developed

and tested on a number of experimental systems.5,8,17,20,34

However, thus far, this modelling has only been applied to probe

interactions between like pairs of bubbles or drops. The main

difference that complicates analysis of the hetero-case presented

here is that the two relevant interfaces (oil-water and air-water)

have different interfacial tensions. This means that under an

applied force as they approach one another, they will tend to

deform to different extents. However, by accounting for this

additional factor, it is found that a continuum lubrication theory

can accurately describe the behaviour of the aqueous film

between the interfaces.

Force data as a function of time for dynamic collision inter-

actions between an air bubble on the AFM cantilever and

a surface-immobilised PFO droplet are shown in Fig. 7. When

the droplet and bubble are far apart (the left hand side of the

graph) the bubble and drop do not interact significantly, and no

force is experienced. As they approach one another, a film starts

to form between the air-water and oil-water interfaces. The

hydrodynamic resistance due to water draining from this film

manifests as a repulsive force. As the film continues to drain and

the droplet and bubble approach more closely, their interfaces

deform in response to the repulsive disjoining pressure in the film

from hydrodynamic resistance and the overlap of electrical

double-layers. In the relatively constant-slope region approach-

ing point b, the drop and bubble are deforming (to different

extents) and hence the slope of this region is strongly correlated

to their interfacial tensions and radii. At a fixed force (point b),

the piezo begins to retract, and hence the bubble begins to retract

from the PFO droplet. As the droplet and bubble are pulled

apart, there is a hydrodynamic resistance from water draining

back into the film, that causes a ‘suction’ effect. This manifests as

a negative force, acting to pull the interfaces closer together and

thin the film. In fact, the draining film attains minimum thickness

during the retraction phase. However, the film does not thin

sufficiently in these cases to allow coalescence (as the strong

repulsion from overlapping electrical double-layers prevents

this), so the droplet and bubble are pulled apart and separate

from one another.

In order to further understand the behaviour of the two

different interfaces during the dynamic interaction, individual
8982 | Soft Matter, 2011, 7, 8977–8983
deformations of the droplet and bubble were obtained from

modeling the interfaces during the collision. It is seen that, as

expected, the droplet deforms considerably more at all points

than the bubble. This is because the tension of the PFO-water

interface (50.5 mN m�1) is lower than that of the air-water

interface (72.4 mN m�1), and hence is more deformable when

subjected to an applied force. Explicit values of deformations for

an approach-retract interaction are shown in Fig. 8. This plot

shows deformation of each interface from its equilibrium

(spherical cap) geometry as a function of radial dimension.

Points in the approach-retract cycle were chosen to best

demonstrate the effects of hydrodynamic forces on the interfacial
This journal is ª The Royal Society of Chemistry 2011
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profiles of the bubble and droplet. When the droplet and bubble

are far apart (shown as point a in Fig. 7, and profiles a in Fig. 8),

no interaction is experienced, and the interfaces remain unde-

formed. At the point of maximum applied force (b), the interfaces

are substantially deformed due to the hydrodynamic pressure of

water in the film between the two bodies, which is gradually

draining. As the bubble is retracted, the film continues to drain,

and the interfaces continue to approach one another (c). As the

interfaces are pulled apart, a suction force is felt (d) due to the

resistance of water flowing back into the film region, which

causes the two interfaces to be pulled toward one another,

resulting in an extensional deformation of the droplet and

bubble.
Conclusions

Interactions between hetero bubble-drop pairs in aqueous

solutions were analysed by first looking at the properties of

homo drop-drop and bubble-bubble pairs. It was found that

by selection of oil type and solution pH, both electrical double-

layer and Van der Waals interactions can be rendered attrac-

tive or repulsive. By using this information, bubble-drop pairs

can be selectively made stable, or caused to coalesce. Analysis

of dynamic interactions between bubble-drop pairs showed

that conventional lubrication theory was able to describe the

flow of liquid in the thin-film region generated during close

approach. All of the experimental results on dynamic forces

are consistent with the tangentially immobile boundary

condition at the droplet-water and bubble-water interfaces.

Use of the conventional zero tangential stress at these inter-

faces would predict forces that are far to small. Such insight

may prove useful in designing the next generation of micro-

fluidic devices which are beginning to incorporate such mixed

droplet/bubble systems.
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