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ABSTRACT In the previous work, Xu Jirun and Kelsall G H have derived a new formula for bubble elec-
trophoretic mobility by taking the internal circulation, surface charge perturbation and interface tension gradi-
ent into account. A comparison of the theoretical formula with the experimental resulis was given and some
new aspects of the bubble electrophoresis were discussed in the present paper. It was shown that the new for-

mula can predict the experimental facts, such as the dependence of electrophoretic mobility on bubble size and

on electrical field direction that can not be explained by classical electirophoretic theory.
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1 INTRODUCTION

Since 1861 Quincke' ! first studied the elec-
trophoretic phenomenon of bubbles, a lot experr
mental observations have been made( Brandon'*
and Yurdakul ! made good reviews on this sub-
ject, respectively). However the theoretical pre-
diction of the bubble electrophoresis is still far
from satisfaction.

Booth'*! is the first person who made sys
tematically theoretical analysis of the electroki
netic phenomena of non rigid particles, including
liquid drops and gas bubbles. He derived the
electrophoretic mobility of fluid spheres, Ug, as

follows:
&5
Up= gon*[3T0(1+ M+
20(1- 2N]/(31 + 21 (1)
where T, T —the fluid viscosity within and

outside the drop or bubble respectively; & —the
relative dielectric constant of the solution; & —
the potential on the shear plane; A= (K -

K/)/(ZK + K/), and where K" and K represent
the conductivity of the fluids inside and outside
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the particle. Unfortunately, the application of
Booth s formula to bubbles leads to the conclu-
sion that bubbles have zero electrophoretic mobil
ity(because T = 0, K" = 0 and A= 1/2 for
bubbles), which is contradictory to the ohserved
facts. Sengupta ! introduced surface conductivi
ty to modify Booth s theory and obtained the
bubble electrophoretic mobility as

£ K,
= X
Ve= 9m ™ K.+ Ka (2
where K, is the specific surface conductivity

and a is the bubble diameter. The formula shows
that the bubble electrophoretic mobility is in-
versely proportional to the bubble size, which,
however, is inconsistent with the experimental

1231 Jordan and Taylor'® gave

observations
their formula by considering the influence of the

internal circulation in bubbles on the Stokes fric-

tion:
Uy = 30+ 30 &%
31 + 207 671N
[1+ X (¥a)] (3)
where K is the Debye —THuckel parameter.

The formula has no essential difference with the
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classical theory and does not agree with the ob-
served facts.
In their research on the charged mercury

drop, Frumkin and Levich' "' derived a formula:

Ug =

(4)
31 + 20+ &/ A

O is the charge density on the shear

where
plane. Having analysed the big difference be
tween Eqn. (1) and Eqn(4), as both are used
for mercury drops, Levince and 0" Brien'® pre-
sented another electrophoretic mobility expres
sion for mercury drops:
— a9
Ue= 394 on™

p

1- 5
R VEY T ()
Eqns. 4 and 5 predict a linear relationship
between electrophoretic mobility and drop size.
However they cannot be used for bubbles since
mercury drops are assumed to be ideally polariz

able' 7l
In our previous work, we have derived a
new formula for bubble electrophoretic mobilr
L
y o
formula and our aim is mainly at the comparison

In the present paper, we only give the

of the theoretical formula with experimental re-
sults obtained by other authors. The formula de-
rived by authors is expressed as

U - 2% 0y o)
E= 7 3n2n+ 31
A
[ —all+ N] (6)

where 8%, is the maximum surface potential
perturbation due to the surface charge redistribu-
tion caused by the electrical field, E;: 0 is the e
quilibrium surface charge density, and related to
the equilibrium surface potential U :

o’ = — —EL(M .
AT dr 777
fe ST

- T { e
=L st )

n;o i1s the numerical concentration of ¢

where
ion in bulk solution; Z; is the valence of the 1
ion; e is the electronic charge; k is the Boltzman
constant and T is the absolute temperature. The

selective signs in Eqn. 7 are dependent on the
surface potential W), the positive is chosen for
W <« 0and negative for W 0 If Ug> 0,

the electrophoretic mobility is along the electrical
field direction, otherwise against. The potential
perturbation caused by the external electrical
field, ‘PZH, has its own sign which is determined
by the sign of surface equilibrium potential, 4,
and the direction of the applied electrical field E.
The sign selection is summarised in Table 1.

Table 1 Sign selection
A Y
— (Downward) - - + +
+ (Upward) - + T +
— (Downward)  + - T _
+ (Upward) + + T _

2 EXPERIMENTAL ARRANGEMENTS AND
RESULTS

There are three basic arrangements of the
external electrical field and bubbles developed for
measuring the bubble electrophoretic mobility.
The first one is shown in Fig. 1( a) where a spin-
ning cell is closed at ends by disk electrodes,
bubbles are centrifuged to the axis, and the horr
zontal velocity under the applied electrical field is
measured. This method was designed in the ear

10- 12 ) i
I and is still used recent-

lier researches
Iyt B3
sign in which the electrical field is ap-
plied horizontally and the tested bubble has two
velocity components: the rise velocity due to the

Fig. 1(b) is the second widely used de
[2, 14- 16]

buoyancy and the horizontal velocity ( elec
trophoretic mobility) due to the electrical field.
The third method, illustrated in Fig. 6(¢), was
developed by Yurdakul and Kelsall’! recently to
measure the bubble rise velocity variation( elec
trophoretic mobility) with and without the elec
trical field. The characteristics of the design is
the external electrical field is arranged to be par-
allel to the bubble rise direction. The influence
of the different electrical arrangements on the
bubble behaviour will be briefly discussed later.
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Fig. 1 Arrangements of external
electrical field and bubbles

Brandon et al’?

examined the bubble elec
trophoretic mobility in the absence of surfactants
under a horizontally applied electrical field.
Their typical results are given in Fig. 2 and Fig.
3. Yurdakul”!

trophoretic mobility in the absence of surfactants

measured the bubble elec

under a vertically applied electrical field with
Laser Doppler Anemometer. He found the de
pendence of bubble electrophoretic mobility on
the external electrical field direction( See Fig. 4)
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Fig. 2 Influence of bubble diameter on
the electrophoretic mobility

(electrical field arranged as Fig. 1(b)) 121
O—pH: 10; O—sz 8; .—sz 6; O—pH: 4
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Fig. 3 Influence of electrical field
strength on the electrophoretic mobility
( horizontally applied electrical
field, pH= 6.8, a= 50 lm)'?

besides something similar to Fig. 3. Obviously,
these experiments show something that can not
be explained by the classical electrophoretic theo-
ries.

3 COMPARISON AND DISCUSSION

Analysing Figs. 2, 3, 4 and Eqn. 6, it can
be found that the theoretical prediction is in good
agreement with the experimental results. The
following are a few aspects which help us to
reach the conclusion.

(1) The theoretical formula shows that
there is a linear relationship between the elec
trophoretic mobility and bubble size, which is
wonderfully verified by the experiments( Fig. 2) .
According to the theoretical analysis and the ex-
perimental facts, probably it is reasonable to
conclude that the bubble electrophoretic mobility
is directly proportional to the bubble size as long
as there exists internal circulation within the
bubble. This may be expanded to liquid drops in
theory although we have not yet found the corre-
snond experimental renorts.

(2) The theoretical formula ( Eqn. 6) pre
dicts a dependence of the bubble electrophoretic
mobility on the elctrical field strength, which is
also confirmed by experiments. Because SW /E
is always greater than or equal to zero and re
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duces in value with the increase of the external
field, the mobility, according to Eqn. 6, goes up
at first with the field strength £ and ultimately
reaches an equilibrium value as £ is big enough
to make (3‘15“1/5] be zero, just as shown by ex-
periments( See Figs. 3 and 4) .
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Fig. 4 Influence of electrical field
strength and direction on the
electrophoretic mobility( vertical
applied electrical field,
pH= 7.9, a= 35im)!”

A —downward field; M —upward field

(3) The influence of the electrical field di-
rection on the electrophoretic mobility ( Fig. 4)
can also be explained satisfactorily by the theo-
retical formula. Experimental results illustrate
that for vertically applied electrical field and neg-
atively charged bubbles, the electrophoretic mo-
bility under upward electrical field has higher
values than that under downward field, and if
the field strength is big enough, the difference
tends to disappear. Let us see how the theoreti
cal formula, Eqn. 6, predict the fact above. For
a negatively charged bubble, the electrophoretic
mobilities under upw ard and downw ard electrical
field are expressed by Eqns. 8 and 9 respectively
(Refer to Eqn. 6 and Table 1):

20% N4 21 )
320+ 319)

5uE
[T - all+ V) (8)

UE+:_

g - 29N 21
= 7 3nn4 31)
Sut-
[ - all+ NJ (9)
It can be seen that if
| SWin 1= 1 SWL |

the mobility value should be independent on the
field direction; however, because of the uneven
charge distribution on the bubble surface before
the external field applied, the charge movement
downward along the surface has to overcome
more electrical resistance between surface
charges than the charge movement upward does,
which leads to | SWih | < | SWL I, | ug, |> |
ur- | at the same field strength. Similarly, if
the bubble is charged positively, it is easy to
come to an opposite conclusion: | wg | < | wp
|. If the external electrical field £, either up-
ward or downward, is rather large, the values of
SUE /E tend to zero, then the influence of the

field direction is so small that it can not bhe ob-
served experimentally. As for the horizontally
applied electrical field, it is obvious that the elec
trical field direction does not affect the surface
charge distribution pattern, therefore the experi-
ments ( Fig. 3) did not find the phenomenon
shown in Fig. 4.

(4) Experimental results indicated that the
bubble electrophoretic mobility increases with
pH(See Fig. 2), which is also predictable from
the theoretical formula if we take into account
the mechanism in which the bubble is charged.
According to Brandon'?', the surface charge of a
bubble comes from the competitive adsorption of
the cations and anions in the solution, while the
anions tend to be less hydrated and more po-
larised and therefore are specially adsorbed. This
is the reason why bubbles are usually negatively
charged. With the increase of pH value, there
are more [ OH] ™ adsorbed on the bubble sur-
face, then the surface charge density 0 enlarges
and the electrophoretic mobility speeds( See Ean.
2).

Substituting the electrophoretic mobility
values obtained experimentally into the theoretr
cal formula Eqn. 6 or 7, the surface equilibrium

potential, W, the surface equilibrium charge
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density, 0, as well as the potential perturba
tion, 5‘1’5“1, can be estimated. Taking the ex-
perimental results in Fig. 4 as examples, by ex-
trapolating the electrical field strength to 18 kV/
m at which the two curves in Fig. 4 predict equal
mobility(about 50% 10” * m*ss™ '* V™) and the
term 5‘1’5“1/[5] is negligible, we get the values of
11’2 and 0" as follows:
W=- L1lmV,

o’ =~ 2.53 %1077 C/m’
which are much smaller than that predicted by
Smoluchowski equation. This is not difficult to
understand, because the Smoluchowski equation
is valid for the situation where no circulation
takes place within the bubble, or in other
words, all the bubble surface is occupied by the
adsorbed charges. Therefore, it is clear that the
classical electrophoretic theory not only can not
explain the experimental phenomena but also
overestimates the surface charge or potential too
much as there exists internal flow inside bub-
bles.

The calculated S‘PE“I vs electrical field £ is
drawn in Fig. 5. Tt is seen that the potential per-
turbation generated by the applied electrical field
reaches its maximum at a certain field strength
and then reduces its value with the increase of
the field. Noting that the resistance to charge
movement on the surface should very be similarly
with the field strength, the result above is un-
derstandable.

In the end of this section, we are interested
in making some comments on the different ar-
rangements of the electrical field and bubbles
shown in Fig. 1 by examining the surface charge
distribution. The surface charge distribution pat-
terns for the three cases in Fig. 1 are illustrated
in Fig. 6. It is clear that as the external electrical
field is exerted vertically( Fig. 1(¢)), the charge
distribution on the bubble surface is always axis
symmetric about the field direction( Fig. 6(¢));
if the field applied horizontally and the rise rate
allowed( Fig. 1( b)), the surface charges tend to
concentrate on one side of the bubble bottom
then the distribution pattern is asymmetric about
the electrical field( Fig. 6(b)); as for the case of
Fig. 1(a), although the charge distribution( Fig.

6(a)) is similar to Fig. 6(¢), the spinning cell,
according to Huddleston and Smith' '™ decreas
es the sensitivity of the electrophoretic measure.

Thereafter,

electrical field is more suitable than other two ar-

in general, the vertically applied

rangements.
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Fig.5 Calculated relation of 69, vs E
A —downward field; ll—upward field

(a) (b)

(c)

Fig. 6 Surface charge distribution
patterns and field direction

{a) —with spinning and horizontal velocity;

(b) —with vertical and horizontal velocity;
(¢) —with only vertical velocity

(Topage 129 )
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regarded as free electronic gas, so we can de
scribe the thermal conductivity of free electrons

by using thermal conductivity formula of ideal
[5].

K.= I/3C.* V~L

where

gas

C; is electron thermal capacitance per
unit volume; V is average speed of free elec
trons; L is mean free path. As far as alloy is
concerned, the existence of solute elements will
diminish the mean free path of free electron and
then cut down the average speed, so we can
learn from formula( 3) that thermal conductivity
of alloy is less than that of pure metal. This dif-
ference will be obvious in the case of cryogenic
temperature at which the thermal conductivity is
mainly caused by free electrons.

4 CONCLUSIONS

(1) Thermal conductivity of pure Al and
AFLi1 alloy changes with temperature. Thermal
conductivity of experimental sample first increas-
es with temperature from low degree(4K) to the

maximum at (30~ 50 K) and then decreases
with increasing temperature.

(2) Temperature with maximum value of K
keeps stable roughly with increasing Li content,
but the value of K decreases.

(3) Thermal conductivity of Al and AFLi
alloy is mainly caused by electron thermal con-
ductivity and also affected by solute atoms and
lattice defects.
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( From page 10)
4 SUMMARY

The internal circulation within bubbles re-
sults in a series of special electrophoretic phe
nomena, such as the dependence of elec
trophoretic mobility on the bubble size and the
electrical field direction. These can not be ex-
plained by the classical electrophoresis theories.
In the previous work, authors have advanced a

describe the bubble elec
trophoretic mobility. The aim of this paper is at

new formula to

the verification of the formula experimentally.
We are satisfactory to point out that the experr
mental results are all predictable according to the
new-derived theoretical formula( Eqn. 6) .
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