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On the basis of the dependency of adsorption and partitioning of ionic surfactant on the phase-boundary potential
(AY @), it is possible to understand in a unified manner various instability phenomena at the liquid|liquid interface in the
presence of ionic surfactants, such as spontaneous emulsification, oscillation of A}¢ and interfacial tension, and
irregularly increased currents on voltammograms of the transfer of surface-active ions across the interface. These
instabilities are associated with the electrochemical instability, which defines a thermodynamically unstable condition at
the liquid|liquid interface in terms of A%} ¢ and is a fundamental concept to understand the instabilities in the presence of
ionic surfactants. The characteristic manifestations of the electrochemical instability, that is, the irregularly increased
current on voltammograms in the transfer of surface-active ions, the spontaneous emulsification, and the spontaneous
oscillation of AY¢ can be designed based on the criterion of the electrochemical instability.

1. Introduction

The instability at the interface between two immiscible
solutions, such as an oil (O)|water (W) interface, is important
in a variety of chemical processes, for example, dispersion,
extraction, mixing, and separation. Counterintuitive phenom-
ena, such as spontaneous emulsification'>> and oscillations
of the meniscus,?®2® interfacial tension (3),26? and phase-
boundary potential (Ag¢)26"28’30’31’33‘42 at the liquid|liquid
interface, are frequently encountered in many branches of
chemistry and chemical engineering. Aside from the curiosity,
these instabilities are of practical importance in chemical
industry. For example, the extraction efficiency markedly
increases by the spontaneous agitation of the interface and
adjacent two immiscible solutions,*** or, conversely, the
separation of the mixture into two phases becomes difficult
because of the stability of formed emulsions.* The control of
the instability is hence desirable and useful in many applica-
tions of the liquid-liquid two-phase systems. However, our
understanding of such interfacial instability is still limited, as
Nishimi and Miller put it in 2000 “the challenge is to
understand the mechanism of spontaneous emulsification.”!?

The electrochemical instability,*> the concept which relates
the instability at the liquid|liquid interface to AY¢ and
potential-dependent adsorption and partition of ionic surfactant,
is presumed to play a pivotal role to explain why, when, and
how the instability commences and ceases. This account
summarizes the salient features of the electrochemical insta-
bility and aims to give an overview of the recent developments
in the study of the electrochemical instability at the liquid|
liquid interface.

2. A Historical Perspective

Spontaneous emulsification is an intriguing subject known
for a long time and was addressed by Gad in 1878 in view of
scientific curiosity.! This phenomenon has been tackled by
many researchers'2>4® from curiosity and its importance in
surface chemistry and related applications, such as dispersion
of chemicals in industrial and agricultural processes,’2!4344
drug delivery systems,”!4?! and the digestion of food in our
body.> The fact that many hypotheses have been proposed over
one hundred years for the mechanism of spontaneous emulsi-
fication attests that the mechanism is not fully explained yet.
The models so far proposed include interfacial turbulence,>'?
ultralow )/,46 diffusion and stranding,>”!” and differences in
osmotic pressure.'’

The oscillation phenomena are well-known at the liquid|
liquid interface. Early studies of the oscillation at the interface
have been carried out at the mercury|solution interface since
the 1850s.47* For example, Lippmann’s beating heart is a
classical oscillation system at the interface between mercury
and an aqueous chromic acid solution when an iron needle
touched the mercury.*® At the O|W interface, the oscillations of
AY ¢ and y were studied from the 1970s.2*! The spontaneous
emulsification and the oscillation phenomena often accompany
the movement of the interface due to the Marangoni
effect 20-12:16,19.21.26-3241 The Marangoni instability in a lig-
uid-liquid two-phase system due to the transfer of a solute was
first analyzed by Sternling and Scriven.®® They determined
the condition for the onset of the instability when a small
perturbation was introduced into the system by the linear
stability analysis. The model has been refined by taking into
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account the nonsteady diffusion,®! the Gibbs adsorption layer,>?
the surface elasticity,” the interfacial reaction,>® the finite
width of the system,” and the dissolution of solvent.’® The
stability of the system was characterized by a dimensionless
parameter, the Marangoni number, which expresses the relative
importance of the surface tension forces and the viscous forces
at the interface.’>*>>® The Marangoni instability continues
while the Marangoni number is greater than its critical value.
However, the reason why the system falls into the unstable state
and jumps out of it has remained unclear.

Electrochemical aspects are of decisive importance in
understanding and controlling the interfacial instability, be-
cause any interface is always electrically charged unless it is
fortuitously or intentionally set to zero>*%° and the interactions
between the ions or redox active species and the charged
interface seem to play a crucial role in the interfacial
instability.26-28:30-31.33-4248 Qince the early time of electro-
analytical chemistry, the regularly irregular augmentation of
the currents on polarograms beyond the level of diffusion-
limited current, called polarographic maxima, was investigat-
ed.®1=%® Shikata suggested that the origin of the polarographic
maximum in the reduction of nitrobenzene was the adsorption
and desorption of nitrobenzene depending on the applied
potential.®! A photographic technique elucidated in detail
the movement of the solution around a dropping mercury
electrode.®* It was proposed that the movement was induced
by the heterogeneity of the current density on the surface of a
dropping mercury electrode.®>-%® However, even at a stationary
mercury pool electrode,’*7? the polarographic maxima appear.
Moreover, this type of model based on the hydrodynamics
cannot explain why the polarographic maximum appears in a
certain potential region near the half-wave potential. Recently,
the unstable phenomena at the mercury electrode have been
revisited using hanging mercury drop electrodes in molecular
solvents and ionic liquids,”'~"* but the origin of the instability
has been left unexplained.

In electrochemistry at the O|W interface,”>’® the observed
oscillation of AY ¢?628:303133442 hag been explained in terms of
the formation and destruction of the surfactant layer at the
interface®>3338 or the adsorption and desorption of the ion-pair
at the interface.***”*0 These models address the behavior under
the unstable condition, but are not concerned with the fact that
the irregularly augmented current appears only in a certain
potential region on voltammograms in the ion transfer across
the interface.3*+37:40.79-88

A model based on the kinetics of ion-transfer, adsorption,
and desorption reactions at the interface was proposed to
explain the irregular current in a certain potential region on ion-
transfer voltammograms.®® However, this model disagrees with
the irregular current on the potential-step chronoamperogram
for the transfer of surface-active ions,3%%3:80:38 gince the model
assumes the steady-state current when the potential is kept
constant.

The electrochemical instability proposed in 2002* defines
the thermodynamic criterion of the unstable condition at
the electrified liquid|liquid interface and explains why the
interface becomes unstable and the unstable phenomena at the
liquid|liquid interface appear in a certain limited potential
region.
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3. Potential-Dependent Adsorption of Surface-Active
Ions at the Liquid|Liquid Interface

Electrochemical instability® is caused by the interplay of the
potential-dependent adsorption of surface-active ions at the
liquid|liquid interface and its partition between the two phases.
To introduce the concept of the electrochemical instability, the
potential-dependent adsorption is briefly described.

For the adsorption of an ionic species, i, at the O|W
interface, adsorption may take place from both sides of the
interface. The simplest model®® that describes the potential-
dependence of the standard Gibbs energy for the adsorption of

i from phase o (=0 or W), AG%Y ., is written as,

AGYY = MGy + FBIAT ¢ — AT )] (M
and

AG:X;(,)i =AGy,; —uF(1 — ﬂi)[Ag¢ - Ag¢ie] 2)
where AY @7, B, zi, AGgy;, and F are the standard ion-transfer

potential of i, the potential-independent parameter having a
value in the range, 0 < B; <I, the charge of i, the standard
Gibbs energy for the adsorption at AJ¢;, and the Faraday
constant, respectively. Here, AY) ¢ is defined as the electrostatic
potential of W with respect to that of O. This model well
describes the experimentally determined adsorption Gibbs
energies of cetyltrimethylammonium at the nitrobenzene|
W interface when the ions are distributed into the nitrobenzene
phase®’*? and decylammonium and decyl sulfate at the 1,2-
dichloroethane (DCE)|W interface when the ions are distribut-
ed into the W phase.’” Equations 1 and 2 are similar to the
model of ion adsorption on the mercury electrode, which
linearly depends on the surface charge density,”>** to the
liquid|liquid interface.

Figure 1 shows the potential dependence of the surface
coverage of i, 6, assuming the Frumkin isotherm, BYc{* =
6,/(1 — B)exp(—2ab;), where BY = exp[—AGg&g’i/(RT)] is
the adsorption coefficient of i from phase «, ¢{ is the bulk

1.0
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0.0
-0.3 .
Ash — AP/ V
Figure 1. Potential dependencies of the surface coverage of

surface-active ion having §; = 0.9 (curve 1), 0.5 (curve 2),
and 0.1 (curve 3) at the liquid|liquid interface assuming the
Frumkin isotherm, when AGgy; = —18kJ mol™!, z;=1,
eV + ¢ = 1mmoldm=3, and a = 1.
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Figure 2. Potential dependences of the standard Gibbs
energy for the adsorption of decylammonium (circles)
and decyl sulfate (triangles) from W at the DCE|W
interface. E — Eyq; indicates the potential with respect
to the midpoint potential of the voltammogram for
the transfer of each ion. Adapted from Ref. 87 with
permission.

concentration of i in phase o, R is the gas constant, T is the
temperature, and « is the interaction parameter. The curves in
Figure 1 were calculated when AG{y; = —18kImol™', a =1,
zi=1and ¢}V + ¢ = I mmoldm~ at ;= 0.9 (curve 1), 0.5
(curve 2), and 0.1 (curve 3). Curve 2 in Figure | has a
maximum at AJ¢;. The location of the maximum shifts to
AYP=AYP, —56mV (A ¢ = AY @, + 56mV) in curve 1
(curve 3). A characteristic feature of the potential-dependent
adsorption of surface-active ions is that the adsorbed amount of
surface-active ions takes a maximum around AY ¢;.%°

A cation mainly distributes in the W phase when AY¢ <
AY ;. Figure 1 shows that an ionic surfactant having a high
(low) B; value (0.5 <« (>»)B;) strongly (weakly) adsorbs at the
interface from W in the potential where the ion is mainly
distributed in W.

Figure 2 shows the experimentally determined AG;X’S% of
decylammonium (circles) and decyl sulfate (triangles) at the
DCE|W interface,’” where E.iq;i is the midpoint potential
between the peaks in the forward and reverse scans of the
transfer voltammogram for each ion. These values of AG;X;%
are linearly dependent on Ag’(b. The slopes of the curves were
—9.8 and 9.1kJmol~!' V™! for decylammonium and decyl
sulfate, respectively. The B; values of decylammonium and
decyl sulfate obtained from these plots are then 0.90 and 0.91,
respectively.?” Generally, surface-active ions having a charged
hydrophilic moiety and an uncharged hydrophobic moiety,
such as alkyl sulfates, alkylammoniums, alkanesulfonates, or
carboxylates, have such a higher B value.?’

4. The Concept of the Electrochemical Instability

Electrocapillary curves, that is, ¥ vs. AY¢ curves, at the
O|W interface are usually convex-upward parabolas.®!-9293-?
In a polarized electrochemical liquid-liquid two-phase system,
where A ¢ is controlled externally, the cell is represented by:

RE1|O|W|RE2 3)
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where REI and RE2 are the reference electrodes which are
reversible to one of the ions in O and W, respectively. The
potential of RE2 with respect to that of RE1 is denoted as E.
E is equal to Ag’d)—i-Eref, where E.¢ is the sum of the
potentials of the reference electrodes.!® According to the
Lippmann equation,'®! the slope of the electrocapillary curve
gives the excess surface charge density on the W side of the
interface, gV,

W 37)
= | = 4)
I <8E T.p,14;

where p is the pressure and p; is the chemical potential of a
chemical species, i. The capacitance of the liquid|liquid
interface, Cyj, is then given by

ag"V 9
- (5),, =)
T.p.j4; T.p. 1k

When a liquid-liquid two-phase system contains a surface-
active ion, i, the adsorption of i around AJ'¢; suppresses
y around A} ;. Figure 3 shows the electrocapillary curve of a
liquid-liquid two-phase system in the presence of the surface-
active ion calculated by the model assuming that the two
contributions to ¥, the Gouy’s electrical double layer'*? and the
potential-dependent adsorption of the surface-active ion,” are
independent.*

The dotted lines in Figures 3A and 3B are calculated
electrocapillary curves in the absence of the surface active ion
calculated based on the Gouy’s electrical double layer model'%?
on both side of the interface. This calculation assumes that 1:1
electrolytes exist in the both phases and the product of the
concentration of the electrolyte and the relative permittivity of
the media in each phase are 8 moldm™. The solid lines in
Figures 3A and 3B are the electrocapillary curves in the
presence of surface-active ions having B;=0.5 and 0.9,
respectively. In the calculation of these curves, the adsorption
is assumed to be described by the Frumkin isotherm, with the
maximum adsorption of i at the interface being 5 x 107°
molm~2 and the point of zero charge in the absence of i being
equal to AY @7+

The open circles in Figure 3 indicate the inflection points
of the electrocapillary curves. Between these two points,
—0.05V < AY¢p— AP, <0.05V  in  Figure 3A  and
—0.09V < AV — A $7 <0.02V in Figure 3B, the curva-
tures of the electrocapillary curves are positive. From eq 5, it is
seen that the positive curvature of an electrocapillary curve
means negative double layer capacitance, which is physically
unrealistic. This condition, previously defined as the basis of
electrochemical instability,* is a special case of the condition
of the thermodynamic instability, (6*°G/0X?) > 0,'% where G is
a thermodynamic function and X is an intensive variable.

More precisely, for the stability, the system needs to satisfy
the upward convexity of the electrocapillary curve, because ¥ is
the excess surface Gibbs energy that determines the stability of
the interface. The potential region where the interface becomes
unstable due to the electrochemical instability should then be
determined not by the inflection points on the electrocapillary
curve but by the contact points (closed circles in Figure 3)
between the electrocapillary curve and its common tangent
line (broken lines in Figure 3).83 Electrocapillary curves in the
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Figure 3. Electrocapillary curves in the absence (dotted
lines) and presence of surface-active ion, i, (solid lines)
having B; = 0.5 (A) and 0.9 (B) when the product of the
ionic strength and the relative permittivity of the solvent in
each phase is 8 mol dm~3, the maximum adsorption of i at
the interface is 5 x 10"°*molm™2, and the point of zero
charge in the absence of i is equal to A} ¢. Open circles
indicate the inflection points on the electrocapillary curves
in the presence of surface-active ions. Broken lines are
common tangent lines of the electrocapillary curves and
closed circles show their contact points. Other conditions
correspond to those in Figure 1.

presence of surface-active ion in Figures 3A and 3B show that
the interface becomes unstable between —110 and 110 mV and
between —230 and 60 mV, respectively.

Within this potential range, the interface becomes unstable to
escape from this condition. The characteristic features of
electrochemical instability are as follows. First, the instability
appears in a certain potential region located near Ag’qﬁf, that is,
in the instability window. Second, 7 at the potential just outside
of the instability window is finite and positive, that is, the
occurrence of the electrochemical instability is not associated
with the ultralow y. Third, the instability window widens with
an increase in the concentration of the surface-active ion.
Fourth, the instability window narrows with an increase in the
concentration of the supporting electrolytes.

Bull. Chem. Soc. Jpn. Vol. 84, No. 12 (2011) 1315

The model of the electrochemical instability proposed in
2002% explains the salient features of experimentally observed
unstable phenomena. However, the assumption of this model,
that is, the independence of the structure of the electrical
double layer and the potential-dependent adsorption of the
surface-active ion is inadequate except when the concentration
of the surface-active ion is quite small. An improved model of
the electrochemical instability that explicitly takes into account
the effect of specifically adsorbed ions on the structures of the
diffuse part of the double layer has recently been proposed.!%
The characteristic features of the electrochemical instability as
mentioned above are confirmed in the improved model.'%*

5. Manifestations of the Electrochemical Instability

When a liquid-liquid two-phase system is under the electro-
chemical instability condition, a few different phenomena
develop at the interface. This section presents the manifestations
of the electrochemical instability in liquid-liquid two-phase
systems, and the design of “spontaneous” instabilities at the
liquid[liquid interface based on the electrochemical instability.

5.1 Voltammetric Manifestation of the Electrochemical
Instability at the Liquid|Liquid Interface. Figure 4 shows
voltammograms for the transfer of decylammonium across
the DCE|W interface at the scan rates of 50 (A and B) and
10mVs™! (C) when the concentrations of decylammonium are
0.5 (A) and 1 mmoldm™ (B and C).®} The solid and broken
lines in Figure 4 are voltammograms recorded in the absence
and presence of sorbitan monooleate, which is known to
suppress irregularly increased current,3! 838588 in the DCE
phase, respectively. The broken lines are close to regular
voltammograms expected for a diffusion-limited current of
decylammonium transfer. The solid lines show the irregularly
increased current in the potential region around the midpoint
potential (half-wave potential). Outside the potential region, the
current is determined by the diffusion of decylammonium. In
the potential region where the irregularly increased current
appears, the DCE|W interface is under the electrochemical
instability condition; the potential region widens with an
increase in the concentration of the surface-active ion but the
location is independent of the concentration (Figures 4A and
4B),338087 and the instability window determined by the
voltammogram narrows with an increase in the concentration
of the supporting electrolyte.3? In addition, the increase in the
scan rate causes the widening of the unstable potential region
(Figures 4B and 4C). 818386

Similar irregularly increased currents are reported for the
transfers of octanoate,”” dicarboxylates,?* alkylammoni-
ums, 338687 alkyl  sulfates,”81:8287:8%  alkanesulfonates,?>%°
alkylimidazoliums,®® and complexes of alkaline earth ions
with surface-active neutral ligands.®* The irregularly increased
current observed for a variety of charged surface-active species
suggests the generality of the electrochemical instability.

The abnormal increase of the current is caused by the
hydrodynamic movement of the liquid phase adjacent to the
interface due to the Marangoni effect.®'#> The movement of
the solution is suppressed at the micro liquid|liquid interfaces
supported at the tip of a micropipette because of the small
volume in the micropipette and the confinement of the interface
at the tip.%¢ The degree of the suppression increases with a
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Figure 4. Voltammograms for the transfer of decylammo-
nium across the DCE|W interface, when the concentrations
of decylammonium are 0.5 (A) and 1 mmoldm™ (B and
C). The scan rates are 50 (A and B) and 10mV s~! (C). The
supporting electrolytes are 100mmoldm™ LiCl and
10 mmol dm—3 HCI in the W phase and 100 mmol dm™3
tetrapentylammonium tetraphenylborate in the DCE phase.
Broken lines are voltammograms recorded in the presence
of 3mmol dm™ sorbitan monooleate in the DCE phase.
The vertical line indicates the location of the midpoint
potential of the voltammogram for the transfer of
decylammonium. Adapted from Ref. 83 with permission.

decrease in the diameter at the tip of the micropipette, because
the aspect ratio, that is, the depth per diameter of the
capillary at the tip of a micropipette, increases with a decrease
in the diameter. For example, normal diffusion-limited
voltammograms for the transfer of decylammonium,®® dodeca-
noate,' and perfluoroalkyl carboxylates and sulfonates'®
were obtained with a micropipette.

The characteristic features of the irregular current on the
ion-transfer voltammogram are very similar to those seen in
the polarographic maxima at the mercury electrode as described
above. First, the irregular current appears around the half-wave
potential of the polarogram.®'-°¢-%8 Second, the irregular current
is effectively suppressed by addition of the electrochemically
inactive surfactant or gelatine.’%® Third, the irregular current,
the movement of the liquid in the system, and the vibration of
the interface continue while the potential is kept in the potential
region where the polarographic maxima occur.*~%%% Fourth,
when the potential is outside of the potential region exhibiting
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the polarographic maxima, the irregular current immediately
disappears and the current drops to the value determined by the
diffusion of the reactant.>%%% These similarities suggest that
the polarographic maximum and the irregularly increased cur-
rent on the ion-transfer voltammogram have a common origin,
that is, the coupling of the potential-dependent adsorption and
the charge transfer across the interface, as Shikata suggested at
the very beginning of the study of polarography.®! At the mercu-
ry electrode, the charge transfer is a redox reaction accompanied
with the adsorption of reactants or products or dissolution of
the metal into mercury. At the O|W interface, the charge transfer
is the partition of ions between the O and W phases.

5.2 Imaging the Evolution of Instability. It is important
to understand when the interface enters into the mode of the
electrochemical instability and how the incipient instability
develops into instability of the entire interface. However, the
voltammetry for the transfer of a surface-active ion provides no
clue to these questions. To clarify the onset of the electro-
chemical instability, we observed with a confocal fluorescence
microscope (CFM) the liquid|liquid interface under the
potential control.3

Figure 5a shows voltammograms for the transfer of
1 mmol dm™ dodecyl sulfate (DS™) across the DCE|W inter-
face in the presence of the adsorption of a fluorescent
phosphatidylcholine at the scan rate of 100mVs~!3% The
broken line in Figure 5a is a voltammogram recorded in the
presence of sorbitan monooleate. Figure 5b shows the CFM
images of the interface simultaneously recorded with the
voltammogram shown in the solid line in Figure 5a. The
alphabetical labels in Figure 5b correspond to those in
Figure 5a indicating the potential when the image was
acquired. In Figure 5b[A], the interface was homogeneously
fluorescent. The dark domain with significantly weaker fluores-
cence appeared and grew slowly with scanning of the potential
(Figures 5b[B]-5b[G]). In the potentials more negative than
300mV, the dark domain grew rapidly and the movement of
the domain continued while the irregular current was recorded
(Figure 5b[H]). At E = 150mV, the irregular current in the
voltammogram disappeared in concurrence with the cessation
of the movement. When E < 150mV, the trace of the move-
ment persisted as inhomogeneous fluorescence (Figure 5b[I]).

In Figure 5b, the dark domains are observed more negative
than 360 mV. This potential is less positive than the potential
at which the irregularly increased current appeared on the
voltammogram in Figure 5a. In the potential region, 300 mV <
E < 360mV, the interface was unstable but the irregularly
increased current was not clearly discerned. In this potential
range, interestingly, the interface appears to be globally stable
at the expense of small unstable domains. In other words, the
large stable region and the locally unstable domains coexist in a
globally metastable state.®®

5.3 Spontaneous Emulsification as a Manifestation of the
Electrochemical Instability. Since Gad advocated the
importance of spontaneous emulsification of fat in contact
with alkaline media in 1878, spontaneous emulsification has
been reported in a variety of conditions, for example, oil-water
two-phase systems in the presence of nonionic surfac-
tants 61517182123 apionic  surfactants, 5781071316920 cap
ionic surfactants,® nonsurface active salts,>> and in the liquid—
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Figure 5. Voltammograms for the transfer of 1 mmoldm™
dodecyl sulfate across the DCE|W interface in the presence
of the fluorescent phospholipid (D3815, Molecular Probes)
at the scan rate of 100mVs~' (a) and simultaneously
recorded images of the DCE|W interface by using a
confocal fluorescence microscope (b). The solid and dotted
lines indicate the voltammograms recorded in the absence
and presence of 1 mmoldm™3 sorbitan monooleate in the
DCE phase, respectively. The alphabets in the images
correspond to those in the voltammogram. The arrow in
image B points the dark domain that appeared. Adapted
from Ref. 88 with permission.

liquid two-phase systems containing no solute.?* In particular,
the emulsification induced in the presence of ionic surfactants
is likely to be related to the electrochemical instability. The
electrochemical instability has been studied under the external
control of AY¢ as described above.’'*® However, at any
liquid|liquid interface in nature, AY¢ is determined without
electrodes by the distribution of ions'®~''% and/or its con-
jugation with redox reactions.''! It is therefore possible to
control AY¢ across the liquid|liquid interface without elec-
trodes. If AY¢ is adjusted to be in the instability window
and the electrochemical instability emerges without the
externally applied voltage, the emulsification would appear to
be spontaneous.

When a liquid-liquid two-phase system is at the partition
equilibrium, AY ¢ is uniquely determined by the activities and
AY @; values of the ionic components.'® 1% Following is an
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Figure 6. Schematic view of the DCE-W two-phase system
containing TBADS (A). DCE-W two-phase systems after
1 () and 7min (II) contact of the aqueous solution of
2.5mmol dm— TBADS with DCE (B). Arrows in B point
the positions of the DCE|W interface.

example of the design of a DCE-W two-phase system that
undergoes spontaneous emulsification. In the system shown in
Figure 6A, A} ¢, which is determined by the partition of
tetrabutylammonium dodecyl sulfate (TBADS), is located
within the instability window determined by the adsorption
and partitioning of DS™.!? Figure 6B shows the spontaneous
emulsification at the interface between the aqueous solution of
2.5mmol dm— TBADS and DCE 1 (I) and 7 min (IT) after the
contact of the two solutions. Arrows in Figure 6B indicate the
location of the interface. In Figure 6B, the spontaneously
formed emulsion was observed in the W phase. This result
demonstrates that the spontaneous emulsification can be
designed based on the electrochemical instability. Since the
DCE and the aqueous phases were mutually saturated before use
in this experiment, the transfer of the surfactant across the
interface for the partition equilibrium is only the possible driving
force of this emulsification. Although spontaneously formed
emulsions are highly stable in general >*6710.1417.21 the emyl-
sions induced by TBADS disappeared after a few hours. This
low stability of the emulsions may be due to the relatively high
y at the DCE|W interface. The reason why emulsions appear
only in the W phase in this system remains to be explained.

The spontaneous emulsification induced by a single ionic
surfactant*$-10:11.13.16.1920 wauld be explained by the electro-
chemical instability as the same manner as TBADS. In the
spontaneous emulsification accompanied with the chemical
reaction of ionic surfactants at the interface,'>>12 AW ¢ is
probably located in the instability window due to the partition
and adsorption of the surface-active ion and the energy of the
chemical reaction may drive the spontaneous emulsification.

The switching of the spontaneous emulsification depending
on AY¢ has been found in the ionic liquid-water two-phase
system.''® This emulsification is an example of the electro-
chemical instability at the ionic liquid|water interface.

The spontaneous emulsification caused by nonionic surfac-
tants®>1317:1821-23 is outside of the realm of the electrochem-
ical instability. However, nonionic surfactants having oligo-
oxyethylene moiety as the hydrophilic part may work as
cationic surfactants through the complexation with the metal
ions,""“117 which renders some nonionic surfactant systems
responsive to A @.
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Figure 7. The oscillation of the potential of a cell in the
presence of 20mmoldm™ TPADS and 10mmol dm™>
LiCl in W and 10mmoldm™ tetrapentylammonium
tetraphenylborate in DCE. The inset shows the magnified
view between 3500 and 5000s.

5.4 Oscillation Phenomena Caused by the Electrochem-
ical Instability. Another well-known instability, the sponta-
neous oscillation of A} ¢ in the liquid-liquid two-phase
system, can be understood in terms of the electrochemical
instability. To demonstrate the significance of the electro-
chemical instability in oscillation phenomena, we designed a
DCE-W two-phase system containing tetrapropylammonium
dodecyl sulfate (TPADS). The distribution of TPADS in the
DCE-W two-phase system can set the value of AY) ¢ within the
instability window in the same manner as TBADS.'!?

A typical oscillation of AY)¢ between the aqueous solution
of TPADS and DCE is shown as the oscillation of E in
Figure 7.''® In this example, the oscillation of E started after an
induction period of about 2500s. The inset of Figure 7 is
the magnified view of the region of 3500s < ¢ < 5000s. The
oscillation has a period of about 250s and an amplitude of
about 5mV. The waveform of the oscillation is asymmetric,
with the positive change of E for about 10s and the negative
change of E for about 240s. The simultaneous Y measurement
shows that the positive change in E corresponds to the
adsorption of DS~ (data not shown).!®

The oscillation of AY¢ at the DCE|W interface was
achieved on the basis of the electrochemical instability. The
reported oscillation of Ag’(b in the systems containing DS~ and
tetrabutylammonium?®'-*%4?  would also be caused by the
electrochemical instability. However, the connection of
the electrochemical instability with oscillations of AY¢ and
y accompanied with the interfacial reactions?®-2%33-373941 jg
far from persuasive. In addition, three fundamental questions
remain unanswered in the oscillation phenomena that seem to
be within the framework of the electrochemical instability. The
first question is the origin of the oscillation of AY)'¢ which has
a period of 250s. A model taking into account the formation
and destruction of the surfactant layer at the interface’>33-38
disagrees with this slow oscillation because the concentration
of TBADS is high enough to restore the concentration profile in
the vicinity of the interface in such a long period of time. The
second question is why locally unstable submillimeter-scale
domains at the interface at the incipient stage of the electro-
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chemical instability®® collaborate to create a rhythm that
concerts with each other over the entire interface spontane-
ously. The third question is why the induction period of a few
minute is required. In the oscillation in the liquid membrane
system, the induction period has been explained by the
diffusion of surfactant across the liquid membrane.?>-3%4? Such
an induction period seems to always precede the oscillation
even in the oil-water two-phase system.?831:118

5.5 The Effect of Nonionic Surfactant on the Electro-
chemical Instability. Although the addition of sorbitan
monooleate suppressed the emergence of the irregular current on
the voltammogram, the heterogeneity of the interface was
observed in CFM images when sorbitan monooleate was added
into the system.3® Thus, the locally confined electrochemical
instability is present even in the presence of sorbitan mono-
oleate. The addition of sorbitan monooleate in the oil phase
lowers y in the entire potential region''? and also decreases the
potential dependence of y in the presence of surface-active
ion.838587 The local gradient of y when the interface is under the
electrochemical instability condition would then become small-
er and so is the driving force for the Marangoni instability. The
effect of the addition of the electrochemically inactive surfactant
on the mercury dropping electrode to suppress the polarographic
maxima seems to be explained in the same manner.

6. Conclusion

The electrochemical instability clarifies the conditions of the
appearance and disappearance of unstable phenomena at the
liquid|liquid interface, such as the irregularly increased current
on the ion-transfer voltammogram, the spontaneous oscillation
of AY¢ and y, and the spontaneous emulsification. In these
interesting and important phenomena, Ay ¢ is the key param-
eter to understand and to control the instability. Examples of
controlling the instability by applying the potential externally or
by adjusting the composition of the ions in the system described
above demonstrate that the electrochemical instability is a
fundamental concept that determines the condition for the
stability at liquid|liquid interfaces, which is inevitably electri-
fied. Problems that remain unanswered in relation to the
instability at the liquid|liquid interface have been delineated.
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