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Abstract: The natural buoyancy of gas bubbles has hampered conventional electrokinetic
methods of evaluating charge at the gas-liquid interface.

In this study, bubbles are held by centripetal force at the centre of a horizontal, rotating
cylinder filled completely with liquid. Migration of the bubble along the axis of the
cylinder can be achieved by applying a gravity force or an electrophoretic force.

An expression for the drag coefficient has been developed and used to calculate surface
charge densities and electrokinetic potentials. In the presence of potassium chloride,
anionic and non-ionic surfactants, the electrokinetic potentials were negative (~2-5 mV) at
the air-aqueous interface. A cationic surfactant rendered the zeta potential positive.

A knowledge of the air-aqueous interfacial rheology is desirable if the drag coefficient, and

consequently the zeta potential, at all types of gas-liquid interfaces is to be evaluated.
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1. Introduction

The possibility of a charge arising at the gas-
aqueous interface and subsequent evaluation of that
charge is of interest to many colloid chemists. It is
particularly relevant to the process of mineral recov-
ery by flotation.

Zeta potentials at solid-liquid interfaces have been
investigated widely by conventional micro-elec-
trophoresis, but due to the natural buoyancy of gas
bubbles, these techniques cannot be adapted easily for
studies at the gas-liquid interface.

Several different approaches have been adopted to
measure this charge [1-3], but all have associated
problems. The majority of workers have chosen the
spinning cylinder technique, where the bubble moves
along the axis of a horizontal, spinning, closed cylin-
der. This method is relatively simple to set-up, but
interpretation of the results is difficult in the absence
of a hydrodynamic treatment of the drag forces
encountered by the bubble.

In this paper, the movement of bubbles due to
gravity and electrophoretic forces at much slower
angular speeds than hitherto employed, is described.
Electrophoretic velocity measurements, taken over a
range of pH values and in the presence of various
surfactants are presented. An expression for the drag
forces on the moving bubble has been developed,
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allowing the potential at (or near) the air-aqueous
interface to be calculated.

2. Theory
2.1 Origin of a charge at the gas-liquid interface

It is clear that ionic surfactants adsorb at the gas-
aqueous solution interface and give rise to a surface
charge; however, the formation of a charged interface
in the presence of simple ions or in distilled water is
more difficult to postulate. Negative potentials at
hydrocarbon-aqueous and air-aqueous interfaces in
simple salt solutions or distilled water have been
widely reported [4]. It has been suggested that, in the
case of electrolytes, negative adsorption of cations
occurs, giving rise to a charge separation, and for
distilled water, that dipole orientation is responsible
for the electrial potential.

2.2 Forces on a bubble in a rotating cell

Movement of a bubble along the axis of a rotating
cell may be induced by a gravitational force and/or an
electrophoretic force. For the velocity to remain
constant, i.e. no acceleration, the force causing the
movement must be balanced by equal and opposite
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retarding forces. A full treatment of the drag forces is
not available, although factors affecting the magnitude
of these forces have been recognised by some workers,
notably Whybrew [3] and Huddleston and Smith [4].
Three forces on the bubble are immediately apparent:

(a) A centripetal force due to spinning of the
cylinder;

(b) Gravity;

(c) A viscous drag force.

Hydrodynamicists, in particular Stewartson [5] and
Hocking et al. [6], have proposed equations and
models for a spinning bubble moving axially in an
inviscid fluid. Batchelor [7] recognised that other
important forces acting on the bubble are the Coriolis
forces. Rotation confers a degree of elasticity to the
rotating liquid which provides a restoring mechanism
allowing the propagation of waves through the liquid.
The Coriolis forces are directed at a right angle to the
axis of rotation and local velocity direction. They act
in a restoring sense and do no work on the body.
More simply, the Coriolis forces tend to oppose the
motion of a bubble along the axis and pull it back
towards the plane of rotation. If the rotation is anti-
clockwise the restoring movement of the bubble
relative to the rotating cylinder is clockwise (see fig. 1
for a pictorial presentation of the forces experienced
by the bubble).

The Rossby number (Ro) defined by :

u
T 2.0 (1)

where # = velocity of bubble, 2 = radius of bubble, £ = angular
speed of rotation

Ro

is a measure of the relative importance of the effects of
movement of a body and rotation of the fluid. As Ro
tends to zero it is reasonable to suppose that inertial
forces are small compared with Coriolis forces. In this
regime (Ro < 0.3) Taylor [8] showed that the sphere
carries with it a long column of liquid whose axis is
parallel to the rotation axis. Where Rois approximate-
ly one the magnitude of the inertial and Coriolis forces
are comparable and axisymmetric waves in the fluid,
extending to infinity, are liable to be produced.

Currie and Nieuwkoop [9] described the fluid
layers around a spinning drop viz: layers of liquid
(Ekman layers) close to the drop which rotate rigidly
with it, and a free shear layer which is bounded by the
liquid layer close to the drop and the bulk of the liquid
rotating with the cylinder. The shear free layer defines
the edge of the Taylor column and Currie and
Nieuwkoop produced photographic evidence for a
spiral-like flow pattern within the layer.

CYLINDER FILLED WITH LIQUID AND
SPINNING WITH ANGULAR VELOCITY

BUBBLE
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Fig. 1. Forces acting upon bubble in the spinning cylinder

Viscosity effects of the liquid layers moving close to
the boundary of the bubble may be neglected only if
the Ekman number () is sufficiently small:

= b g

where: u = viscosity of surrounding fluid, o = density of fluid.

The Taylor number is given by,
T=E" (3)

The effect of the end caps upon the Taylor column and
the overall drag has been 1uvestigated by Hocking [6].
A long cylinder is considered to be where dis large, so
that,

_BE
0= 24 *)

where: b = length of cylinder.

A short cylinder is considered to be where » < a£ ~".
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For the cylinder, size of bubbles and rotation
speeds used in this study, typical Rossby and Ekman
numbers are: Ro~ 0.02, E~ 0.4 and T~ 2.5, 1e.
Coriolis forces are important and a Taylor column will
develop. 6~ 56 and aF ~! ~ 0.09, therefore the
cylinder is considered ‘long’, however, as there are
strong, swirling motions inside the column but none
outside, there should always be end effects.

The bubble was seen to adopt off-axis, stationary
positions, i.e. the bubble rotated about itself, but not
with the cylinder, depending upon the speed of
rotation. This phenomenon was observed by Currie
and Nieuwkoop and was attributed to an interplay
between the buoyancy force tending to push the
bubble upwards and the pressure forces (proportional
to the rotation speed) encouraging the bubble to the
centre.

Rallison [10] has considered that for an axisymmet-
ric particle moving along the rotation axis, the force
on the particle can be defined simply as:

F= Du (5)
where: D = drag coefficient, dependent upon the Taylor number.

For small values of 7, where the Coriolis forces are
small, the flow is Stokesian and the drag coefficient,
allowing for wall effects [18] is represented by :
6 Iua

where: R = radius of cylinder.

D= 6)

For larger values of 7, as found in this study, the
drag coefficient is determined as a function of 710]:

16
D= —— (0 — 00)@ QD(T) )
where: go = density of sphere.

As T tends to infinity, D tends to one, and as 7 tends
o
8T’
For intermediate values of 7} an approximate result
for Dis:

to zero, D tends to

_ 91T+ 8T _ IIgSin®@
D= 8T 4Qu - ®)

This value was found to approximate our experimental
results.

The interfacial viscosity of the air-liquid interface
also plays a major role in the hydrodynamics of the
situation, as this can alter the degree of slip at the air-
liquid boundary. A perfectly clean, non-rigid interface
is unable to support an Ekman layer, consequently,
the Taylor column ahead of the bubble no longer has
length 7" but extends to the end caps. The drag
coefficient is then greater [19]:

D=T%asT— =, 9)

Where surfactant is present, and, indeed, any im-
purities in the system (it is virtually impossible to
obtain a completely clean air-aqueous interface experi-
mentally), the interface becomes more rigid. The size
of the air bubble is also known to affect the rigidity of
the interface, the smaller the bubble the more rigid it
becomes [11]. The value of Dfor large Tvalues will lie
between the rigid stress value (one) and the stress-free
value (7).

It becomes evident that a knowledge of the interfa-
cial rheology is required in order to estimate the
correct drag coeffient for the particular system. Also,
in any one measurement of bubble velocity, the air-
aqueous interfacial tension, hence interfacial rheology
is liable to change due to Marangoni effects; therefore,
errors in measurements are inevitable. The bubble will
experience different drag forces as the Taylor column
approaches the cylinder end caps. Consequently, only
the central area of cylinder may be used reliably for
velocity measurements.

The magnitude of the rotational speeds employed
was low (< 100rads™") and did not cause bubble
distortion. No corrections for bubble shape were
considered necessary.

2.3 Electrophoresis

Electrophoresis may be defined as the movement of
charged particles or drops suspended in a liquid under
the influence of an applied electric field. Theories
relating the observed particle velocity with the poten-
tial at a shearing plane some distance from the particle
surface, are well-documented for static, conventional
systems [12]. The standard equations may not be
applied to spinning cylinder electrophoresis as the
bubble is subjected to different retarding drag forces
due to the rotation. The distribution of ions around
particles is known to be deformed by the electric field
in conventional electrophoresis. In the rotating sys-
tem, the viscosity and thickness of the liquid layers at
the air/liquid boundary (Ekman layers), will affect
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flow round the bubble. It seems reasonable to suppose
that this swirling motion (in conjunction with electric
field deformation), could affect the continuity of the
double layer or even remove it altogether. The ob-
served bubble velocity could be related to the zeta
potential at the shearing plane or to the potential at the
outer Helmholtz plane.

For the electrophoresis experiments the cylinder
was horizontal so that the only force moving the
bubble was the applied electric field across the cell.
The drag force could then be equated to the electrosta-
tic force acting on the bubble:

av
= — 1
Dn=Q— (10)
where: Q = bubble surface charge (C), % = applied electric field

gradient (Vm™1)

Considering the aforementioned hydrodynamics, esti-
mation of the charge will depend upon the Ekman
number and rheology of the air/liquid interface. In
estimations of the total charge, Q, we have assumed
that the air bubbles are rigid and that the value of D
(T) can be calculated using equation (8) (or equation
(17), see results). This assumption of bubble rigidity
seems to hold for bubbles of diameter less than ca
1 mm [13].

Following Debye and Hiickel [14], the following
expression for @ can be written:

Q = ageo (1 + xa)l (11)

where: 2 = bubble radius, £ £ = relative and free space
permittivities respectively, ¥ = Debye-Hiickel reciprocal length, £
= electrokinetic potential.

Equation (11) is valid provided { < 25 mV.
Substituting for Q in equation (10):

1000 Dx

EmV) = oo T+ ) (A7) (12)
Also:
- D (13)

tna® | AT (dVidx)

Values for the charge density and electrokinetic poten-
tial of a bubble in various solution environments can
be calculated from experimental data using equations
(12) and (13). The results of such calculations are
tabulated in table 1.

2.4 Electro-osmosis

Measurement of the electrophoretic mobility is
complicated by the phenomenon of electro-osmosis.
If the walls of a standard electrophoresis cell are
charged relative to the liquid, upon application of an
electric field there will be a streaming of liquid at the
walls. As the system is closed there is a return flow
through the centre of the cell. Thus, the observed
velocity of any particles is the sum of the velocity due
to the electrophoretic force and velocity due to
movement of the liquid. The true electrophoretic
velocity may be measured only at a position in the cell
where there is no net flow due to electro-osmosis, i.e.
at the stationary layers.

It is by no means certain how (or if) this phenome-
non is manifest in the rotating cell. The return flow of
liquid due to electro-osmosis in a rotating cell is likely
to be opposed by liquid movement due to the rotation
and the development of a Taylor column. Visual
evidence of the existence of a Taylor column has been
produced (see fig. 6~8). Huddleston [15] observed that
rotation had a diminishing effect upon the magnitude
of electro-osmotic flow. Cell wall electro-osmotic
velocity (regardless of the sign of the cell wall charge),
did not affect axial mobility of hollow glass spheres.

Considering these observations, it is tentatively
suggested that electroosmotic flow is not manifest in
the rotating cell, at least not of the order of magnitude
observed in stationary cells.

3. Apparatus, method and materials
3.1 Apparatus and method

The cylinder employed (fig. 2) was of accurately bored glass
100 mm long and 15 mm internal diameter. The Teflon end caps
were fitted with blackened, circular, platinum electrodes. In all
experiments the cylinder was filled completely with liquid and one
air bubble was introduced by a microsyringe via an end cap.
Angular speeds of the cylinder were measured by a mechanical
tachometer and the velocity of the bubble obtained by viewing
through a binocular eye — piece fitted with a graticule, and timing
the bubble progress with a stopwatch. The angle of inclination of
the cylinder was adjusted by means of a micrometer screw on the
levelling table. The electric field was applied across the cell by a
continuously variable 0~100 V DC supply unit.

The field strength E was measured as for a conventional cell:

v
E=— (14)

where: V = voltage applied, / = effective length of cylinder.

The effective length of the cylinder was found by measuring the
resistance of the spinning cylinder when filled with standard salt
solution of known conductivity. In this instance, / measured 83.3
mm; this value was not affected by the spinning of the cylinder.
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3.2 Materials

A cationic surfactant:
Arquad C/50: C,HyN* (CH;)j,Cl™
ex Akzo Chemie.
Anionic surfactants:
Sodium dodecyl sulphate: C;;HpsOSO; Na*
ex B.D.H.
Sodium oleats: CH,(CH,), CH(CH,),CCO~Na*.
A zwitterionic surfactant:
Empigen BB: C;,H,;N*(CH,),CH,COO~
ex Marchon.
A polyoxyalkylene/alkyl phenol surfactant:
Synperenic NPE 1800
ex ICL
R

Surfynol 104: (CH,),CH CH,C-C = - C-CH,-CH(CH,),

QH OH
ex Air Products Irc.
ACCURATELY BORED
GLASS CYLINDER
F / =l
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Fig. 2. The apparztus

Hollow glass spheres:
50 g diameter, density 0.27 gem™
ex Fillite.

4. Results and discussion
4.1 Bubble bebaviour in response to gravity

Air is less dense than water, therefore the bubble
lodges against the top edge of the motionless cylinder.
As the cylinder is rotated, the bubble adopts different,
stationa-y positions between the edge and centre of
the tube. The bubble is displaced both ir. the horizon-
tal and vertical planes. As the speed of rotation is
increased the bubble moves to the centre (by 2
diagonal path) where it remains. It is observed thet the
larger the bubble, the higher the rotation speed
required for the bubble to attain the centre. Very small
bubbles tend to precess with the liquid about the
centre of the cylinder. When an antifoam agent, e.g.
Surfynol 104 is added to the water, the air/water
interface is rigidified [16] and larger bubbles precess,
2. > 03 mm diameter. Currie and Nieuwkoop [9]
found that droplet displacement off axis (both in
horizontal and vertical planes) at low rotational speeds
was dependent upon the density difference between
the two phases and the rotational speed. Although
plotting our data on identical axes gave similar results
(fig. 3) it did not match Currie and Nieuwkoop’s
equation:

—_ \
a’ﬂ:dH=i_§, e~ &

3 o (15)

where: dy = vertical displacement, d; = herizontal displcement,
¢ = density of continuous phase, g, = density of drop or >ubble, g
= acceleration due 10 gravity.

From our cbservations, the position of the bubble
appears to depend also, upon bubble size, the interfa-
cial rheology, and viscosity of the surrounding liquid.

Bubble velocity at different angles of inclination {8)
can be pred:cted by Stokes” law:

_ 2gr%(¢ — g)sinf

U 5

(16)

The observed bubble velocities in the spinning cylin-
der are much lower than predicted by Stokes, indicat-
ing that drag forces other than the viscous rorces are
acting upon the bubble (fig. 4).

From bubble velocity measurements (in sodium
dodecy! sulphate and sodium oleate solutions) using
gravity as the driving force, D was plotted against 7'
(fig. 5). These results were compared with the Dvalue
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Fig. 3. To show variation of vertical displacement of body from the
axis of the rotating tube with angular velocity

expressed as a function of 7. Although the data
matched the general from of equation (8), a better
empirical fit was found to be:

147 + 87

D=—%

(17)

Bubbles larger than 1.5 mm diameter did not travel
smoothly along the axis of the tube but tended to
oscillate from side to side. No net movement in
response to gravity was observed until the cylinder
was inclined at a large angle. Movement was very
rapid and the bubble stopped after a short distance
(~ 5 mm). Upon increasing the angle of inclination
the bubble again moved a short distance. As the speed
of rotation was increased, the angle of inclination
required for bubble movement became greater.

The flow of liquid within the cylinder was investi-
gated by injecting a hollow resin sphere with potas-
sium permanganate and observing the dye escaping
from the sphere during rotation (figs. 6, 7, 8). The dye
emerged as a helix and eventually formed a slug ahead
of the sphere. The dye did not spread throughout the
cylinder by the spinning action, indicating no mixing
of the liquid layers. After several minutes the dye
column progressed to the end caps and spread slightly
within this area. The presence of the slug provides
visual evidence of the Taylor column.

Fig. 4. Bubble velocity vs angle of inclination at three rotational
speeds (bubble dia 0.7 mm in distilled water)

4.2 Bubble bebaviour in response to an electric field

In this second set of experiments, the cylinder was
horizontal i.e. gravity did not effect movement. The
velocity of the air bubbles was investigated as a function
of rotational speed, bubble size and field strength.

At very low rotational speeds, i.e. before the bubble
attained the centre of the cylinder, the observed
bubble velocity (80 V, 0.8 mm diameter) increased
with increasing rotation speed (fig. 9). The effect is
observed quite clearly for distilled water. At 20 s™! the
bubble was at the centre of the cylinder and subse-
quent increases in rotational speed decreased the
observed velocity of the bubble. The presence of a
surfactant SLS (= sodium dodecyl sulphate) does
modify the behaviour: bubble velocity at >30 s~! was
too slow to measure accurately.

The effect of bubble diameter upon observed bub-
ble velocity was also affected by the nature of the
surfactant. A marked radius dependence emerged, the
larger the bubble the higher the velocity (fig. 10).

The variation of velocity with applied voltage was
not linear, even after corrections for slight changes in
bubble size during the experiment (fig. 11). This is in
contrast to observations made in conventional, static
electrophoresis cells, where particle velocity is directly
proportional to the voltage applied. These results
indicate that rotation may have a profound effect upon
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20r Table 1. Electrokinetic data on air bubbles
o X
18r ®  SODIUM OLEATE concen.  Surface .
® X SODIUM LAURYL SULPHATE system PH .. charge  potential
———-— PREDICTED FROM EQUATION 8 TAUOD density
15,. ————— PREDICTED FROM EQUATION 17 mol dm=> 4 C cm=2 mV
distilled water 4 0.9+05 — 06£0.1
6 4114 -—-225x76
7 43+34 —74.2+60.0
9 51+1.8 — 8.8%3.1
arquad C/50 1076 o 0
1073 2.8 + 5.0
25%X107% 1.5 + 1.7
5.0X107° 2.2 + 17
107* 2.8 + 1.5
Sodium dodecyl
sulphate 1073 35 - 6.0
107* 6.4 — 35
NPE 1800 10~* 4.4 — 24
empigen BB (impure) 107 2.1 —-11.5
107 0.9 + 0.5
Fig.5. Dvs T potassium chloride 7 1o~ 53+3.1 — 29%17
empigen BB
(purified) 107* 54+13 — 3.0%07

the double layer, perhaps altering the distortion under
different bubble size and rotation velocity regimes.
Albeit this reservation, various experiments were
performed to measure the mobility of air bubbles in
the presence of anionic, cationic, non-ionic and zwit-
terionic survactants, and at various pH (see figs. 12
and 13). The electrokinetic potential and surface
charge density for each air-aqueous condition were
calculated using equations (12) and (13) and the results
may be found in table 1.

R B S R A A TR L shar s
?
B s T e

Fig. 6. Showing helix of dye emerging from a spinning, hollow,
resin sphere the “Taylor column™ can be seen clearly

Note: Data without error bars are for single determinations.

Overall, the following trends were apparent: in
water, potassium choride and anionic surfactant solu-
tions, the air-aqueous interfacial charge is negative.
Double distilled water had an uncharacteristically high
electrokinetic potential compared with salt solution.
This was attributed to the non-rigidity of the clean

Fig. 7. Showing the slug of dye approaching end-cap/electrode
in the spinning cylinder
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Fig. 8. Showing an overall impression of the flow liquid due to a
body inside the spinning cylinder

air-water interface. Consequently, the value of D,asa
function of 7, could not be calculated from equation
(8). At low pH, air bubbles had a small net negative
charge; at alkaline pH, the negative charge was
increased. At pH 6, the air bubble charge appeared to
be higher than at pH 9, but the ionic strength was low,
approaching the distilled water case. A change in the
rheology of the air-aqueous interface could, again,
explain this result. The surfactant, sodium dodecyl
sulphate, was apparently adsorbing at the air-aqueous
interface and giving rise to a fairly high surface charge
density. However, the double layer is compressed,

X

/

0-M sLs

DOUBLE DISTILLED WATER

1 1

1 I I
5 10 15 20 25 30
ROTATIONAL SPEED (rad s™))

Fig. 9. Bubble velocity vs ritational speed (bubble dia. 0.8 mm, 80
volt)

due to the ionic strength and the potential diminishes
away from the interface to approach the electrokinetic
potential values obtained for potassium chloride solu-
tions. The pluronic type non-ionic surfactant slightly
increased the negative potential. At very low concen-
tration (107° mol 17') the cationic surfactant Arquad
C/50 rendered the electrokinetic potential zero, but
with increasing concentration, this potential became
positive. The magnitude of the positive potential
declined with increasing surfactant concentration
which again is consistent with compression of the
double layer at high-ionic strength. The zwitterionic
Empigen BB acted in a similar fashion to the cationic,
but a concentration of 107* mol [ ™" was required for a
positive potential. This behaviour was attributed to a
cationic precursor contaminant, as upon purification
of the surfactant by recrystallisation, the air-aqueous
interface remained negatively charged at a concentra-
tion of 107* mol 171,

The mobility of small, hollow glass spheres was
measured in the spinning cylinder. The results were
difficult to analyse as the spheres moved in clumps of
approximately 250. D, the drag coefficient was calcu-
lated for the clump as it was felt that the Taylor
column would develop for the whole. The elec-
trokinetic potential, calculated for the individual
spheres and for the clump respectively, was between 0
and —11.5 mV. The fillite beads were crushed and the
electrokinetic potential measured in the Rank Micro-
electrophoresis apparatus. £ was calculated to be
1.4 mV. This value is low compared with values for
quartz at pH 7 quoted in the literature (~ 60 mV,
[17]), however, it compares favourably with the
spinning cylinder data.

5. Conclusions

In the spinning cylinder, bubbles move in response
to gravity with a velocity less than predicted by
Stokes, due to dynamic and viscous drag forces acting
upon the bubble. A coefficient describing the drag
force has been proposed, which takes into account the
Taylor column of liquid which develops at the bubble
size and angular velocity regimes chosen for the
experiments.

The drag coefficient measured from the results
where the bubble moves under the force of gravity,
has been used to evaluate the electrophoretic force
experienced by the bubble in translatory motion along
the axis of the horizontal, spinning cylinder. Bubble
mobility differences in magnitude and direction are
observed in the presence of a variety of surfactants and
over a range of pH values. Assuming that the con-
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Fig. 10. Bubble velocity vs bubble diameter (80 volt)

tinuity of the double layer is undisturbed by the flow
of liquid round the bubble, calculations show zeta
potentials of —2mV for bubbles in potassium
chloride solution. Surfactants adsorb at the air-aque-
ous interface, giving rise to surface charge densities of
5 uC cm™2, and electrokinetic potentials of approxi-
mately 2—5 mV. A surface charge density of this
magnitude would normally give rise to a much higher
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zeta potential, therefore our findings suggest that
double layers are indeed disturbed by the spinning of
the cell.

The method is sensitive in that it can detect minor
impurities in surfactant solutions.

The drag coefficient D cannot be used for bubbles
in distilled water, probably due to a change in the
rheological properties of the air-aqueous interface.

/
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Fig. 11. Bubble velocity vs applied voltage (bubble dia 0.8 mm, rotational speed 25 s™') in distilled water
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Fig. 12. Bubble velocity vs bubble diameter at different pH (80 volt,
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Further work is required to determine the drag
coefficient for a range of interfacial rheological condi-
tions.
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