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The liquid surfactant membrane has advantages superior to those of other types of liquid membranes, but
its biggest bottleneck lies in the demulsification process for separating the stripping solution from the organic
phase containing surfactant and carrier. This paper is concerned with the electrostatic coalescence of the W/O
emulsion stabilized with surfactant in an a.c. high-voltage current applied between two insulated flat
electrodes. Effects of the dispersed phase hold-up, the applied voltage and the frequency on the phase
separation rate were studied.

The separation rate was larger for lower initial hold-up of the dispersed phase. When the initial hold-up was
less than 40 %, the coagulation stage preceded the coalescence stage and the separation rate decreased. The
separation rate increased approximately with the second order of the applied voltage. It also increased with
frequency and tended to become constant at frequencies in the range of 1000 to 2000 Hz. The water content of

the separated oil phase decreased with increase in frequency.

Introduction

A liquid membrane operation, in which both the
extraction and the stripping steps are carried out in a
single stage, offers a potentially attractive alternative to
solvent extraction operation. Among various types of
liquid membranes proposed since the work by N.N.
Li'®, theliquid surfactant membrane (LSM) has advan-
tages superior to other types, namely a very large area-
to-volume ratio and a highly mobile thin liquid mem-
brane. One bottleneck of LSMs at present lies in the
demulsification process of water-in-oil (W/O) emulsion
requiredtoseparatetheinnerstrippingsolutionfromthe
outer organic phase containing surfactant and carrier.

Electrical coalescence as a means of demulsifica-
tion of W/O emulsions seems to be better than other
methods, such as heating, centrifugation or filtration'?).
The mechanism of coalescence in the electrostatic field
has been studied by many researchers, some of whom
observedaggregationandcoalescencephenomenaunder
amicroscope'>2-22_ and measured the lifetime of water
dropletsattheoil-waterinterface . Thelifetime of water
dropletsdecreased withincreasing frequencyoftheelec-
tric field, but the dependency is not clear*®. Bailes and
Larkai>¥, and Galvin® found that a certain lower fre-

* ReceivedOctober 12,1993.Correspondence concerningthisarticle
should be addressed to Y. Mori.
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quency of pulsed high voltage with d.c. field gave max-
imum coalescence efficiency for W/O emulsions, but it
depended on the electrical properties of the system.

Theeffectof operating conditions and the design
of the electrical coalescer of W/O emulsions stabi-
lized with surfactant in the LSM system have been
tested using a.c. high voltage of commercial fre-
quency’ 11319 q ¢ field?", and pulsed d.c.
field!6:17-23, As for the influence of the frequency of the
applied field, Hauertmann ez al.'? reported that the
breakagerate wascorrelatedlinearly withthe frequency
up to 2000 Hz using a continuous coalescer, although the
electrical field strength used was below 1 kV/cm.

In this paper, the electrostatic coalescence of the
W/O emulsion stabilized with surfactant was tested in
the range of 40 to 2000 Hz, up to 8 kV a.c. voltage. The
twoinsulated flatelectrodes were employed because the
electric field is well defined and the design for scale-up
is easy. Effects of the dispersed phase hold-up, the sur-
factant, the applied voltage and the frequency on the
phase separation rate of the emulsion were studied.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



boosting  electrode

transforrr{er

O N R

[
frequency | @

converter + _ L __ T
W/O emulsion
4 A .
h
°_\L oil phase
A
hy he | 1 emulsion phase
Y .
hw<‘ water phase

Fig. 1 Experimental apparatusanddefinitionofthcheightof
various phases in the cell during demulsification

1. Experimental

1.1 Liquid systems studied

Kerosene and 50 mol/m?® hydrochloric acid
aqueous solution were used as the organic and the
aqueous phases respectively. Rheodol SP-O 10 nonionic
surfactant (Kao Co.), which consists mainly of sorbitan
monooleate, was used. Itisequivalentto Span 80, manu-
factured by ICI Specialty Chemicals. The aqueous and
organic phases were presaturated with each otherin the
absence of surfactant. The surfactant was dissolved in
the organic phase after the two phases were separated.
Its concentration was 3 wt. % in the organic phase.

The organic and aqueous phases were chargedina
glass container, which was kept at 273 K in a bath of ice
water, to produce an emulsion of predetermined water
content. A mixer-type emulsifier (Ystral GmbH, Ger-
many; LD-X10/20) was first used for 15 minutes at 167
rps, followed by the use of an ultrasonic emulsifier
(Nihon Seiki Co., Japan; US150) for 2 minutes.

The size distribution of the emulsion produced was
determined with a particle-size analyzer (Horiba Co.,
Japan; CAPA 500). It was found that this size distribu-
tionchangedconsiderably withinaboutanhour,and was
stable for several hours thereafter. The emulsion pro-
duced, consequently, was allowed to stand for more than
ninety minutes at 273 K, before it was used in the demul-
sification experiment. The stable size distribution was
log-normal on a projected area basis. The surface-
volume mean diameter was 3.4 um, and the geometric
standard deviation was 2.1.

1.2 Apparatus and procedure

Figure 1 shows the schematic set-up of the experi-

mental apparatus. The width and height of electrodes
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Fig. 2 Change of interfaces during demulsification

were bigger than those of the cell in order to ensure a
uniform electrical field in the cell. A quartz glass cell
with an interior width of 10 mm and a wall thickness of
1.25 mm was used. The mean value of the applied a.c.
voltage ranged from 4 to 8 kV and the frequency was
changed from 40 to 2000 Hz. The appearance of the sep-
arated oil and water phases in the cell was observed with
a television camera and was recorded by a video tape
recorder.

2. Results and Discussion

2.1 Demulsification phenomena

When high a.c. voltage was applied, the coalesced
drops were observed to line up in the direction of the
electric field in accordance with the observation by
C.A.R.Pearceetal.” The grown-up water drops settled
at the cell wall and finally fell downward to grow the
clear water phase at the bottom of the cell. The emulsion
phase decreased and finally disappeared with the elapse
of time.

Figure 2 shows the changes of the dimensionless
heights of the interfaces with time (see Fig. 1). Solid
keys indicate the position of the interface between the oil
and the emulsion phases. Open keys indicate the inter-
face between the emulsion and water phases. The time of
completedemulsification, ingeneral,decreased with the
decreaseintheinitial water content of the charged emul-
sion, ¢,;. For high @,;, the oil phase grew almost linearly
with time. For lower ¢,;, the oil phase initially grew
much faster than for higher ¢,;, but the rate decreased as
demulsificationproceeded. Thewaterphasegrewalmost
linearly after a certain lag time in all cases.

The position of the interface between the oil and
water phases atthe end of demulsification does notagree
with ¢,;. The difference is somewhat larger at higher
applied voltage. But when the applied voltage was shut
off at the end of the experimental run, the interface
between the oil and water phases coincided with ¢,;. This
is due to enhanced convection under the electrical field
of the coalesced water drops, which were much larger
than the original emulsion droplets existing in the oil
phase. The number of convecting water drops in the oil
phase was observed to be higher at higher voltages.
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Fig. 3 Change of water content in the emulsion phase
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Fig. 4 Relationship between phase separation rate, r, and
applied voltage

The water content in the emulsion phase during
demulsification, ¢,, could be calculated from the data in
Fig. 2 if the water content in the produced oil phase, ¢,
was assumed to be same as that after complete demulsifi-
cation, ¢,. Figure 3 shows the change in calculated
water content of the emulsion phase with time. Demulsi-
fication by electrostatic force could consist of the
approach of two water droplets to each other (coagula-
tion stage), and water droplet growth that breaks the oil
membrane between them (coalescence stage). For high
¢, the coagulation process is less likely, because the
water content in the emulsion phase, ¢,, is nearly con-
stant, except in the early stage. For lower ¢, the coagu-
lation rate is anticipated to be larger than the coalescence
rate, and this tendency is larger for lower ¢ ;.

2.2 Effect of applied voltage on phase separation rate

The process of demulsification by electrostatic
force is very complicated, as was stated in the preceding
section. The effect of voltage on the phase separation rate
can be discussed in this section for the cases of ¢,; = 0.5
and 0.667, because ¢, was almost constant during demul-
sification, as shown in Fig. 3. The phase separation rate
of the oil phase from the emulsion phase was taken to be
the rate of demulsification in this case, and this rate, r,
was approximated by the slope of the straight line linking
the measured points in Fig. 2. Figure 4 shows the effect
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Fig. 5 Effect of frequency on phase separation rate

of the applied voltage on this rate of demulsification.
The rate r is approximately proportional to the square of
the applied voltage at all frequencies examined. This
should be related to the fact that the mutual attractive
force between the droplets in a uniform electric field is
proportional to the square of the applied voltage.

2.3 Effect of frequency on demulsification

Figure 5 shows the effect of frequency on the rate
of demulsification. The rate r increases with the increase
in frequency in the low-frequency range, but tends to be
constant at higher frequencies. Due to the limitations of
the experimental apparatus, whether an optimal fre-
quency at which the rate of demulsification becomes
maximum exists or not could not be investigated. The
amount of coalesced water drops convecting in the oil
phase did not depend on the frequency. The solid lines in
Fig. 5 were drawn by using the solid lines in Fig. 4,
which indicates that the rate of demulsification was pro-
portional to the square of the applied voltage.

As the current increases with the frequency, the
energy input into the emulsion is roughly proportional to
the frequency although the field strength inside the cell
was not measured. The energy performance of the phase
separation may have a maximum point around 1000 Hz.

The effect of the frequency on the water content in
the oil phase after demulsification, ¢ ,, was not affected
by the initial water content in the charged emulsion. ¢,
was very low and was nearly the same as the water con-
tent of the spontaneous emulsion (about 0.4 %), which
was observed when the aqueous and the organic phases
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were allowed to stand in contact with each other for four
days. It was concluded that the emulsion in the present
study was almost completely separated into the aqueous
and organic phases by the electrostatic coalescer.

Conclusions

The electrostatic coalescence behavior of W/O
emulsion stabilized with surfactant was studied when
a.c. high voltage was applied between two insulated flat
electrodes, especially with changing frequency.

1) Complete phase separation of the emulsion into
aqueous and the oil phases was possible with the present
electrostatic coalescer.

2) The phase separation rate of the oil phase from the
emulsion phase was faster for smaller initial hold-up of
the dispersed phase, but when the initial hold-up was
less than 40 %, the coagulation stage preceded the coa-
lescence stage and the separation rate decreased.

3) The separation rate increased approximately with the
second order of the applied voltage when Rheodol SP-
010 (or Span 80) was used as the surfactant.

4) The effect of frequency on the separation rate was
very large. The rate increased with increase in frequency
and tended to become constant at a certain frequency in
the range between 1000 to 2000 Hz. As the current
increased with the frequency, the suitable frequency
seemed to be around 1000 Hz from the viewpoint of
energy performance.

Nomenclature
f = frequency [Hz]
h, = height of emulsion phase during demulsification [m]
h, = height of oil phase during demulsification [m]
h,, = height of water phase during demulsification [m]
hr = initial height of charged emulsion

(=h,+h,+h,) [m]
r = phase separation rate of oil phase

from emulsion phase [s1
t = time [s]
Vv = applied voltage vl
[ = water content in emulsion phase [-]
[ = water content in oil phase [-]
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<Subscripts>
i = initial or charged
f = final
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