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The electrical polarization of lamellar and water-in-oil microemulsions composed of the aqueous solution of a
potential determining salt (PDS), an organic solvent and a nonionic surfactant has been studied. The distribution
of the PDS ions across the interface between two immiscible electrolyte solutions (ITIES) generates an electrical
potential difference which can be used to control charge transfer processes. In macroscopic ITIES, this dis-
tribution potential is independent of the PDS concentration and can be determined from the electroneutrality
condition far from the interface. In microemulsions, on the contrary, the distribution potential is smaller in

magnitude and depends on the PDS concentration, the surfactant concentration and, in principle, the micro-
emulsion (geometrical) structure. This different behaviour appears because the interfacial area per volume is so
large that the charge needed to establish the macroscopic distribution potential exceeds the total charge present
in the system, and hence large deviations from local electroneutrality occur in the whole microemulsion.

1. Introduction

In liquid-liquid electrochemistry, potential determining salts (PDSs)
have long been used to apply electrical potential differences without
electrodes [1,2]. These salts are formed by ions with different hydro-
phobicity [3]. The equilibrium redistribution of the ions between the
phases generates the distribution potential (for a 1:1 PDS) [4-12]

AYd, = (AJ Py + A $,)/2 @

where Ay'¢° = —AGL77V/z;F is the standard transfer potential of ionic
species i, z; is its charge number (z = —z,), AGg{™" is its standard
Gibbs free energy of transfer from phase o (organic) to w (aqueous), and
F is Faraday's constant. Thus, e.g., when the cation is hydrophilic
(A5'¢; > 0) and the anion is hydrophobic (Ay'¢° > 0), the aqueous side
of the electrical double layer has an excess of positive charge,
Ay¢,, > 0. The distribution potential can range between —0.7 V and
+ 0.7 V for some PDSs.

Microemulsions are thermodynamically stable mixtures of two im-
miscible solvents and, at least, one amphiphilic component [13,14].
Their solubilization capacity and very high interfacial area per volume
are exploited in many applications. The growing interest in micro-
heterogeneous media has prompted the development of microemul-
sions suited for electrochemical reactions [15]. For instance, the spatial
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confinement of reactions in colloidal solutions and microemulsions
enables the size control in the synthesis of metal nanoparticles [16,17].
Microemulsions with PDSs are essential in the development of
photoionic cells for conversion of solar energy to redox fuels that can be
discharged in a flow cell to generate electricity on demand [18,19]. In
photovoltaic cells the generated electron-hole pairs are separated by an
electric field. In photoionic cells the charge separation takes place at the
ITIES (interface between two immiscible electrolyte solutions). Upon
light adsorption, the excited dye is quenched in the aqueous phase to
form both an oxidized quencher and a reduced neutral dye that parti-
tions to the organic phase. The specificity of a photoionic cell stems
from the presence of an electrochemical potential gradient at a li-
quid-liquid interface arising from a difference of solvation energy of the
different species. A key issue for efficiency is that the biphasic system
should be emulsified to increase the contact area between phases, en-
sure a fast extraction reaction and avoid the recombination. The par-
tition of ionic species through the liquid-liquid interface can be con-
trolled by adjusting the distribution potential using PDSs [20-24].
Microemulsions with PDSs have several distinctive features that
make them different from macroscopic ITIES and from ordinary mi-
croemulsions, either with ionic or nonionic surfactants. First, the dis-
sociated ions accumulate at both sides of the interface and stabilize the
microemulsion, which may be formed even in the absence of surfactant
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[25]. Second, the distribution potential Aj'¢, in a macroscopic ITIES
can be established because the available charge is practically unlimited.
In microemulsions, the interfacial area per volume is so large that the
charge needed to establish Af'¢. across every interface can easily ex-
ceed the charge of all the ions present in the system. As a consequence,
for the same solvents and PDS, the distribution potential established in
microemulsions is smaller than in macroscopic ITIES, IAY ¢l < IAY ¢ I.
Moreover, the distribution potential A} ¢ in microemulsions depends on
the PDS concentration, the surfactant concentration and, in principle,
the microemulsion geometry. Since the charge transfer kinetics in mi-
croheterogeneous media is affected by the interfacial potential, the rate
of, e.g., proton transfer reactions can be controlled by adjusting AY ¢
[24].

The standard description of the distribution potential makes use of
the local electroneutrality condition far from the ITIES (i.e., outside the
double layer) [8,9]. However, in electrified microemulsions the elec-
trical double layer may span the whole extension of both phases. For
example, when a PDS like tetradecylammonium chloride is added to the
microemulsion, it has been experimentally verified that the ions parti-
tion into different phases so that, for the range of PDS concentrations of
practical interest, the hydrophilic chloride anions are located in the
aqueous phase and the hydrophobic cations in the organic phase [22].

The importance of the problem of significant deviations from local
electroneutrality in small systems has frequently been recognized but
its solution has only been derived in the case of small potentials and for
nanodroplets in a continuum phase [8,10,11,26,27]. Moreover, while
these studies concluded that the distribution potential in small liquid-
liquid droplets does not depend on electrolyte concentration [26], ex-
perimental results seem to indicate the contrary (under different con-
ditions) [21], and our results in this paper confirm an important de-
pendence of the distribution potential with the electrolyte
concentration; the origin of the discrepancy could be in the use of the
local electroneutrality condition in the external phase of the small drops
[26].

Trapping of ions in different phases and electrical disparity (i.e.
absence of electroneutrality) are not phenomena exclusive of electrified
microemulsions. For example, a recent development of impact elec-
trochemistry [28,29] uses an oil-in-water emulsion in which the oil
nanodroplets trap a highly hydrophobic redox probe [30]. However,
electrified microemulsions are exotic systems because the exceptional
ability to trap ions (of very different hydrophobicity) in different phases
[22] leads to extremely large deviations from local electroneutrality.
They have already found interesting applications and may stimulate
new electrochemistry.

The objective of this work is to describe the electrical polarization of
a microemulsion composed of the aqueous solution of a PDS, an organic
solvent and a nonionic surfactant. For this purpose, an efficient fra-
mework for the solution of the Poisson-Boltzmann equation (PBE) in
different geometries without using the local electroneutrality at any
point has to be developed. This framework is original, although it builds
on previous ITIES studies including the effects of the phase volume ratio
[31], the deviations from local electroneutrality [26,27,32], as well as
studies of colloidal system with ionic surfactants [33]. Our results are
important for the several applications of electrified emulsions men-
tioned above, as well as for other (nanoscale) electrochemical systems
with large deviations from electroneutrality. The emphasis is placed on
providing physical insights that stimulate further experimental work
based on the control of a variable distribution potential.

2. Theoretical modelling of the distribution potential in
microemulsions

2.1. Cell dimensions as determined from the microemulsion composition

The aqueous solution of a PDS, a nonionic surfactant, and an or-
ganic solvent (that initially contains no dissolved electrolyte) are
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considered as three pseudocomponents of the microemulsion, with
volume fractions &, & and &,. For the sake of clarity, we restrict to
the intersection of the &,, = &, plane and a constant temperature plane
of the microemulsion phase prism. For &g higher than that of the X
point of the microemulsion, where the three-phase body meets the one
phase region (i.e., in the tail of Kalhweit's fish phase diagram) [13,22],
an increase in temperature produces a phase change from o/w micro-
emulsion (oil swollen micelles in aqueous continuous phase) to lamellar
structure, and then to w/o microemulsion (water-in-oil or swollen re-
verse micelles). We consider here the lamellar and w/o microemulsions,
and explain the dependence of AY'¢ on the nature and concentration of
the PDS, the surfactant concentration, and the geometry of the emul-
sion microstructure. As usual, it is assumed that phases w and o contain
no free surfactant molecules and that the surfactant monolayer contains
no ions and solvent molecules.

The structure of the interfacial electrical double layer is determined
by solving the Poisson-Boltzmann equation (PBE). For this purpose, the
microemulsion is divided in globally electroneutral (spherical or rec-
tangular) cells [34], each consisting of aqueous (w), surfactant (s), and
organic (o) phases. The PBE is solved in one cell that extends fromr = 0
to L, where r is the (radial or axial depending on the microemulsion
structure) coordinate normal to the interfaces. Phase w extends from
r = 0 to Ly, the surfactant monolayer from L., to L., + Ls, and phase o
from L, + Ls to L =L, + Lg + L,. The values of L, L, and L are de-
termined in terms of &, and the effective length L of the surfactant
(headgroup plus tail). In lamellar microemulsions, L = Ly/®; and
Ly =L,=L1 — &;)/2. In w/o micelles, the volume of phasej (j = w, s,
o) is V;=V®; where V= 4J'CL3/3, so that L, =L[(1— @S)/2]1/3,
Ly+Ly=L[QA + &9/2]1"? and L = L2"?/[(1 + ®)"° — (1 — &)'?].

2.2. Electrical description of the microemulsion

Consider that the PDS is a 1:1 binary electrolyte and denote the
more hydrophilic species with subscript 1, AG;5~Y > AGy{~"; without
loss of generality as z,(= —2,) is still arbitrary. Index k denotes the
majority species, i.e. k = 1 in phase w and k = 2 in phase o, so that the
ion concentrations satisfy c1y(r) = cow(r) and co0(r) = c1,(r) and the
charge in phases w and o is Q = Qu/21 = Qo/22 = 0. The majority ions
can be called counterions as their excess counterbalance the charge in
the opposite phase.

With the coordinate r increasing from phase w to phase o, the
electric field satisfies z;d¢/dr <0 (Fig. 1). The field and the charge
density p; = F(z1¢1j + 22¢5) (j = w, o) are large in the vicinity of the
surfactant monolayer. Contrarily to macroscopic ITIES, in which the
phases are electroneutral beyond some distance (of the order of the
Debye length) from the interface, in microemulsions with PDSs the
double layer can span the whole phases w and o (because of its na-
noscale dimensions) and local electroneutrality holds nowhere. The ratios
Ay = C2y(0)/c1w(0) =1 and a, = c1,(L)/c2,(L) =1 quantify the devia-
tions from electroneutrality at r = 0 and L. The Debye parameters are
then defined as [35]

2 _ F2C1W(0) X 2 _ FZCZO(L)

- o2 = @)
20w RT 2060 RT

where ¢ is the permittivity of vacuum and ¢; the relative permittivity of
phase j.

The uniformity of the electrochemical potentials of the species i
(i = 1, 2) requires

Ciw (0) exp[zif (A5'¢ — AJ$)] = cio (L) 3

where f=F/RT. The mean concentration c.;= [c1j(r)c(N]"/? is also
independent of position in phase j. The partition coefficient

Ko = explzf (AY ¢, — AY$;)/2] determines the ratio c.w/c+o. In
terms of &j;=k;L;, the condition Ky, /o =C+w/C+, for the distribution
equilibrium of the electrolyte can be presented as.
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b Fig. 1. Equilibrium distribution of the electric po-
i § 1108 tential (left axis, thick line) and ion concentrations

(right axis) in a globally electroneutral cell of (a) a

lamellar and (b) a w/o water|Tergitol-10|a,a,0~
{10* trifluorotoluene microemulsion, with @;= 0.15; in
case (b) equal volumes of phases w and o implies
that phase o is thinner than the aqueous core. The
PDS is lithium tetrakispentafluorophenyl borate
ethyl etherate (LiTB) and its concentration
referred to the total microemulsion volume is cr=
5.0 mmol/L. The horizontal seg-ments indicate the
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not localized close to the nonionic surfactant but spans the whole cell. The deviations from electroneutrality are larger at the external boundary of phase o (r = L) than at that of
phase w (r = 0).

oy 1/2 e [ EusLo 2 2.3. Poisson-Boltzmann equation (PBE)
Kwio=|— = §—L 4)
° o AP Global electroneutrality and symmetry require that the field van-
The ionic concentrations at the cell boundaries can be written as ishes at the cell boundaries r=0 and r=L, and this fact suggests de-
C10(0) =€y €7, C(0) =Cape ™, c1o(L) = Cooe” Peand con(L) = fining the dimensionless potentials in phases w and o as ) =
C+,€%°. The microemulsion can then be considered to be in distribution - Zlf[‘ﬁ(r)w_(f(())] =0 and @o(r) = Zle?f? —4wl = 0. Inser(zl(rrl)g crwlr)
equilibrium with two fictitious, electroneutral solutions with mean = C1w(0)e™, fz‘”(r). N ch(O)‘awe - CZ°(2r) = cao(Le and
. L . C10(r) = cao(L)ase ™ 0 in the Poisson equation V*¢= —p;/eoe;, the PBE
concentrations ¢+, and ¢+, and potential difference A,"¢  (Fig. 2). becomes
Dividing Eq. (3) fori = 1 and 2, it is obtained that A,"¢_ can be
decomposed in three contributions, d? d
P d?’ + gﬂ@% = 2(e%w — aye W) (6)
AT %, = af A5 o = Poo + 2f AP + Poy 6) W W oW
. . . w . & m dg
One is the actual distribution potential Aj'¢ = ¢(0) — ¢(L) in the 2 ———2 =2(e% — a,e ) @)
microemulsion. The other two are the potential of the fictitious aqueous dé; o = & d&

solution with respect to that at r = 0 and the potential of the solution at
r = L with respect to the fictitious organic solution (Fig. 2).Their values
in RT/z:F units are @o; = —(1/2)Ina; =0 (j = w, o).

Compared to macroscopic ITIES, microemulsions have an extremely
high surface-to-volume ratio, which increases with &;. In order to
create the distribution potential across every interface of the micro-
emulsion, the amount of charge required can easily exceed the total
electric charge available, Qu.x = FctV, where cr is the PDS concentra-
tion referred to the total microemulsion volume V. If Q,,x is not enough

where &, = kv and &, = k(L — 1) are the dimensionless position vari-
ables, and &, =«,L (i.e., &op, — &, =kor). The planar and spherical
geometries are described simultaneously using the parameter m that
takes the values 0 and 2, respectively. The r.h.s. of Egs. (6) and (7)
reduce to 4sinh ¢; when q;=1 (i.e,, local electroneutrality holds at
r = 0 and L) and to 2e” when a; =0 (i.e., almost complete separation of
the ion species in different phases). The position variables run from
& =0, where @;(0) =0 and dg;/dgj |5-0 =0, to &s=xL;, where @;(&)

to build up AY¢, = (AY¢; + AY¢;)/2, the actual distribution potential =Apjand the field is
AY ¢ is smaller in magnitude (Fig. 2) and depends on &5 and cr. dg, 2 Q
1 = (G =w,o0) 8
dgj - gjs Gio
js

In Eq. (8), Cjo = 2e0¢5A;/L; and A; is the area of the interface between
phases s and j; for w/o micelles, A, = 4ntL,2 and A, = 4n(L — L)
z21Q -210 In the surfactant monolayer the PBE reduces to the Laplace equa-

phase w phase s phase o

B AW o N 2 .

0 L o ¢oo Q tion, V°¢= 0, because no ions are present, so that ¢(r)—¢(Ly) =

s s Aps/L)(T — L) [(Ly + Ls)/r1™? and the potential drop is

ﬁ 3 ©ow A()DW A()OS A‘po ‘ Yoo g ( Ps/. $)( w)[(Lw $)/T] p P

E AV £ A =zflpUw) — ¢ — L)l =fQ/C; ©9)

&

= — — =

% ¢ 4(0) Clw C20 ¢y (L) % where G, = g0e4(AwA,)"/?/Ls is the electrical capacitance of this layer.

g Cxw ¢ _ _ c Cio & The major hurdle in the description of systems where local elec-

‘5 2w 02 Cl lo 15} -] p y

ko) ¢ W o £ @ troneutrality holds nowhere is that the ionic concentrations are not

o . . . .
© 0 =Wy, &y - s <«—22 0 known at any point [32]. The PBE can become highly nonlinear in some
0 Ly —> Ly+Ly Ly+L+L, cases, and the potential profile is then extremely sensitive to the values

Fig. 2. Schematic representation of the spatial extensions, the ion and electrolyte con- Qw e}nd o, Whlc}} are unknown. The problem has a significant mathe-
centrations, and the potential drops in the microemulsion phases. The distribution po- matical complex1ty because these parameters vary over many orders of
tential is the sum of the potential drops in phases w, s and o, magnitude until they reach a; = 1 at high concentrations.
AVp = zfAY$ = Ay, + Ap, + Ap,. The potential difference between two fictitious The unknowns parameters a,,, @, and &, in Egs. (6) and (7) have to
electroneutral solutions in equilibrium with the microemulsion is the distribution po- be determined from mass and charge balances. In principle, only the

tential in macroscopic ITIES, Ay ¢,,. Due to the deviations from electroneutrality atr = 0 PDS concentration in phase w prior to the microemulsion formation
e

and L the distribution potential is smaller in the microemulsion, 0 < zifAY$ < z21fAY @e- ¢ = cr/®Py, is known. The mass balance requires (when &,, = &, =
W . w o

80
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(1 — @9)/2) that

Ciw + Cio =¢C

(10)

where the overbars denote average value of the ion concentration
within the phase. The inequalities ¢y, > Gy and ¢, > €;, hold because
species 2 is more hydrophobic than species 1 (Fig. 1). Lower bounds of
a; can be found from Eq. (3). In the limit ¢—0, ¢y (0) # ¢ and
(L) = Ty because the potential drops Ag; are negligible, and
Ciw = € = Ty from Eq. (10) because the minority ions are excluded.
Hence, Eq. 3) implies lim,_o0to = exp(—=z1f Ay ¢;) and
lim._ ooty = exp(—=zif Ag'P,); which are equivalent to
lim o (@w/o )% = Kyyo and lime_o(ctw @ )''? = exp(—zifAY'¢.,).

A practical solution procedure considers £,s as the independent
variable (instead of c), for this choice also determines &,;, = £y.L/L,, and
£ws becomes a function of @, and a, from Eq. (4). Initial guesses of a,
and aq, are used to solve the PBE; for low
o @ & XDLaf (AVG — AY$))] and ao ~ explaf (AY$ — AV$?)]. The
values of a,, and a, are then iteratively adjusted until two conditions
are satisfied: (i) the charge Q in Eq. (8) for phase w is the same as for
phase o, and (ii) the distribution potential zfAy¢ = Ap, + A, + Ag,
satisfies Eq. (5), (awao)? = explaf(AY¥¢ — A¥$ )]. The concentra-
tions Clw(o) = 280gwRT(gws/FLw)23 CZW(O) = awclw(o); Clo(L) = aoCZO(L)
and cy0(L) = 2e0¢,RT(E0s/FL,)? are then known. The average con-
centrations ¢y, and C,, are calculated from

_ §
= FXiwLy? m+ 174
2 — Iwlw — Pw m, (11)
=———=—"|[c¢e d
Elw 2 0Ew RT 5;,5, 1 .{l gw gw
- 2 gos
%7202 = F2C20L02 _ (m + 1)§os (12)

S e, — &g,
0

260e,RT @, Em+!

The concentrations ¢;, and &,,, of the minority ions, also known as
stoichiometric electrolyte concentrations [33,36], are determined from
the known Q and the charge balance,
Q/FV = @y (Ciw — Cow) = Do (G20 — C10)- Finally, the PDS concentration ¢
is determined from Eq. (10) for eitheri = 1 or 2.

The PBE in spherical geometry has no analytical solution for the
situation of interest here, with large deviations from local electro-
neutrality. These deviations make useless to work out approximate
solutions using linearization techniques. Series expansions [32,33] are
not valid either because for every value of @; in Egs. (6) and (7) the
potential ¢; diverges at a critical value of & associated with the phe-
nomenon of (counterion) condensation and the number of terms in the
series always becomes insufficient for some concentration. Approx-
imate analytical solutions of Eq. (7) exist for a, = 0 [37,38]. Interest-
ingly, even when the charge and the distribution potential are large, the
region furthest from the surfactant in phase o has a uniform space
charge density [39].

2.4. Differential capacitance and polarization regimes

The differential electrical capacitance of the cell is [40,41]

1day¢ 1 (dew dag, dA%) _ 1
z dQ A de dQ dQ

C'W

The major contribution to 1/C is often due to the surfactant, espe-
cially when ¢ is low and the surfactant molecules are relatively long.
The capacitance Co= lim. ., C is an important characteristic of the
microemulsion because the charge required to establish the distribution
potential Ay'¢, can be roughly estimated as Qi = Coz1Ay'$,. The as-
sociated critical concentration ¢t = CoziAy ¢./FV is proportional to
the interfacial area per volume and increases with &;. The electrical
polarization of the microemulsion has different characteristics in the
regimes cr < Cr¢r and ¢r > Cr,o; in macroscopic ITIES cr ¢, is so small
that the regime ¢t < cr, cannot be observed.

When ¢r < cr,r, the solvation energy contribution is dominant and

+ =+

1 R T
C c G,

81
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the minimization of the microemulsion free energy is achieved by
maximizing the charge separation, Q = Quax = FcrV. The distribution
potential z7AY ¢ also increases linearly with ct as zAY ¢ ~ Q/C,. Since
Q/cr and 7 Ay ¢/cr take maximum values, we refer to this regime as
that of maximum electrical polarization of the microemulsion. The
minority ions concentrations ¢;, and ¢,,, practically vanish; even though
this implies a very low microemulsion entropy (viz., the contribution
associated with the ion distribution). The deviations from local elec-
troneutrality at r = 0 and L are so large that the PBE can be solved
using a;=0. The value ¢, determines Q from Eq. (8), and
Cy & Q/F®,V. The charge balance determines ¢,,. The mass balance
reduces to Ciy & & & ¢, Which is equivalent to f Q/Cj = f,qsz/AjL-,
where k = 1ifj = wand k = 2 if j = o; thence, Egs. (11) and (12) are
useless in this regime.

The cell capacitance in the limit cr—0 is
Co~ (Cao™' + Cs~' + Coo~D-"In this limit the space charge density is
practically independent of position and the r.h.s. of Egs. (6) and (7) can
be approximated by 2. Thus, A@y, = &yws>/(m+ 1) =fQ/Cyo and, hence,
lim., —oCyw = Cwo; note that A,,L,,/V,,=m+ 1. Similarly, it is deduced that
AQPo=Eg’[L—Lo/(m+1)1/(L—Ly) and fQ/Coo=Ees>Vo/Aol,, Where
ALo/Vo=1 in lamellae (m=0) and AcL,/Vo=(L—Ly)*/
(L2—LLy+L¢2/3) in micelles (m = 2). Thus, lim,, .oCo=Co in lamellae
and  lim. oCo=Coo =Coo(L*—LLy+L,*/3)/[(L—L)L—Ly/3)] in
micelles. The ratio Coo/Cop varies from 1 when &,—1 to 1.093 when
®,—0 and, therefore, Coo = Coo.

2.5. Exact solution of the PBE in lamellar microemulsions

The PBE can be solved analytically in planar geometry using elliptic
functions [42]. The exact solution of Egs. (6) and (7) in the lamellar
case (m = 0) is

#(E)=—2Incd(Ela )] (= w.0) a4
and Egs. (8), (11) and (12) take the form
fQ/Co=Q1 - ocj)gjs sc(é’jS | ocj)nd(gjs ) (15)
_ S g

2 _ j
gkj = 5js _{ Cd?(ijshxj) 16)

wherek = 1 if j=wandk = 2 if j = o.InEgs. (14)-(16), cd(§j| a)),
sc(& | @) and nd(¢; | a;) are Jacobi elliptic functions of argument & and
parameter a; [43]. The periodicity of the cd function imposes that
&s < K(a)), where K(q)) is the elliptic integral of the first kind. Then,
@ > Qjmin is required when & > /2 where a;mi, is defined by &=
K(aj,min)- No restriction on a; exists when &;; < /2 because K(a;) =K(0)
=m/2.

Following the solution procedure explained above, & is considered
an independent variable and ¢, a function of a,, and a,, using Eq. (4).
The distribution potential is written as

2fAY ¢ = f Q(ay)/Cs — 2Infed (€, | cty)cd(é,y | o) where the function
Q(a,) = (1 — @p)EosSC(Eos | @o) Nd(Eos | @6)Coo/f is defined from Eq. (15).
Next, a,, and a, are determined from

(OCWOCO)I/2 = explaf(Ad'¢ — A(‘)V¢oo)] and Q(a,) = (1 — ay)éwsSc(Ews | ayw)
nd(Ews | aw)Cwo/f- Finally, ¢y, and ¢,, are obtained from Eq. (16), and ¢
from Eq. (10).

A simpler solution of the PBE can be used in the regime of maximum
polarization, ¢ < c.,. The charge is then Q= Qu.x =FcV,, and the Jacobi
functions with @—0 reduce to trigonometric functions,
cd(§ | @) =cos &, sc(é;| a) =tan & and nd(¢; | @) = 1. Thus, the local po-
tential in phase j is (&) = —2 In(cos &) and the distribution potential is

afAy¢ = fQ/Cs — 21In(cos € cos ) a7

where &,sand &, can be found by numerically solving
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FQ/C = & tant,

The expression fQ/Cjo =~ 2(&s/m)*{1 + 4/[1 — (2;/m)*]} provides
an excellent initial guess of ;;; note that £; < m/2 in order to avoid the
divergence of Ap; = —2 In(cos ¢;;) and fQ/Cjo. (The corresponding sin-
gularity in ¢; is associated with the phenomenon of counterion con-
densation [33].) From Egs. (4) and (5), the values of o; can be de-
termined using

(18)

§OS tan §WS
gWS tan gOS

and a, = exp[2zf (Ay'¢ — Ay B) ]/ aw.

aw ~ explzf (Ag¢ — Ag$,)] 19)

3. Results and discussion

The results presented below correspond to the ethoxylated nonionic
surfactant Tergitol-10 (¢5= 3.0, Ly =2.14nm) between an aqueous
phase (e, = 78) and an organic phase of a,a,a-trifluorotoluene (TFT,
&, = 9.3). The solvents have the same volume fraction, ®@,, = @,. The
PDS is lithium tetrakispentafluorophenyl borate ethyl etherate (LiTB).
In this system, AGg{”Y = —73.0kJ/mol, AG;5”% = 59.5kJ/mol,
A¥$° = 756.6 mV, AV$S = 616.7mV, AV ¢ = 686.7mV, fAY = 26.56
at 300K, and Ky, =14.97 [22]. Due to its lower permittivity, the
electrical effects are enhanced in the organic phase. The potential drop
is larger, the electric field close to the surfactant monolayer is larger,
the exclusion of the minority ions is more effective, and the deviations
from local electroneutrality are larger in phase o than in phase w.

Interestingly, the microemulsion geometry only implies minor dif-
ferences in the electrical double layer structure. For instance, for
cr = 5.0mM the distribution potential is ca. 610 mV in both geometries
(Table 1 and Fig. 1), to be compared with the macroscopic value
AJ'¢,, = 686.7mV . The charge Q/FV= 4.3mM < 1= Qnay/FV and the
average ionic concentrations in phases w and o are also very similar in
the two geometries (Table 1).

In liquid-liquid electrochemistry, the distribution potential Ay ¢, is
defined from the standard Gibbs free energy of transfer of the ions and
is independent of the electrolyte concentration, Eq. (1). On the con-
trary, the distribution potential A*¢ in microemulsions with PDSs de-
pends on the PDS concentration cy. At low ¢, Ay"¢ increases almost
linearly with ¢y (Fig. 3 insets). Its contributions A@w=fQmax/Cwo,
APs=fQ max/Cs and A@,=fQmax/Coo also increase linearly with cr,
while @ow= —(1/2) In ay, and @o,= —(1/2) In a, decrease linearly with
cr. At larger concentrations, a deviation from these linear behaviours
occurs because the approximations C,, = Cyyoand C, = C,o N0 longer hold.
Above the critical concentration, ct> cr,cr, A, ¢ increases asymptotically
toward the macroscopic value Ay'¢_ and eventually becomes indepen-
dent of ¢ (Fig. 3).

The difference between the actual distribution potential and its

Table 1

Ionic concentrations (in mmol/L), contributions to the distribution potential and related
variables in water | Tergitol-10 | TFT microemulsions with &; = 0.15 and ¢y = 5.0 mmol/L
(c =cy/Py =11.765mmol/L) LiTB (see Fig. 1). The distribution potential
fASS = Pow + Mgy + Aps + Ap, + @y, is very similar in the lamellar and w/o micellar

geometries and is smaller than the macroscopic value
FAY S, = 26.56(AY ¢, = 686.7mV).

Lamellar Micellar

Ciw = 11.750 €10 = 0.015 Crw = 11.754 10 = 0.010

Cow = 1.342 Coo = 10.423 Cow = 1.429 Co = 10.335

Q/FV,, =10.408
c1w(0) = 8.756

Qmax/FV,y = 11.765
C20(L) = 2.396

Q/FV,, =10.325
c1w(0) = 4.722

Qmax/FV,, = 11.765
C20(L) = 3.562

ay = 0.193 588 a, =0.011539 a, = 0.601 852 a, = 0.004722
Ews = 0.93326 £os=1.41396 Ews = 2.28175 £ =1.28589
@ow = 0.821 Poo = 2.231 Pow = 0.254 Poo = 2.678

A, = 0.851 A@o = 3.657 Apy =1.739 Apo = 2.977

Agpg =19.001 AY$/mV = 607.75 Agps =18.914 AY$/mV = 610.86
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macroscopic value is due to the deviations from electroneutrality at
r=0and L, AY@, — Ay = @y, + @y These deviations are larger in
phase o (r = L) than in phase w (r = 0) and persist well above ct ., as
clearly shown by the importance of the contribution ¢q, in the insets of
Fig. 3aand b.

The potential drops in the three phases are slightly different when
comparing the cases of lamellar and micellar microemulsions (Fig. 3a
and b). However, the curves Ay = Ap, + Ag, + Ag,, vs. ¢ for the two
geometries practically overlap if we superimpose panels 3a and 3b.
Similarly, the critical concentration is ¢, = Coz1 Ay ¢, /FV = 4.091mM
in the lamellar case and cr ¢ = 4.084mM in the micellar case. The lack
of influence of the microemulsion geometry on some of its electrical
properties occurs because V/(AwAo)Y? = Ly/®; in the micellar case and
V/A =L = Ly/®; in the lamellar case and because the areal capacitance
of the surfactant monolayer, Cy/(AwAo)? = eoes/Ls = 12.39 mF/m?, is
a major contribution to Cy that has the same value in the two geome-
tries.

Below the critical concentration, ¢y < cr ¢, the solution of the PBE
equation in lamellar geometry based on the approximations a; = 0 and
Q = Qmax = FVcr, Egs. (17)-(19), provides a very accurate description
of the electrical double layer structure and the contributions to the
distribution potential. The exact (either analytical or numerical) solu-
tion of the PBE in lamellar and micellar geometries predicts a charge
which practically shows no deviation from Q = Quax = FVcr when
cr < cre (Fig. 4a).

Above the critical concentration, this approximation no longer holds
and the exact PBE must be solved to describe the tendency of the dis-
tribution potential toward its macroscopic value, Eq. (1). At high en-
ough concentrations, the distribution potential reaches its macroscopic
value Ay'¢ = AY ¢, but the charge Q and Ag; continue to increase with
c (Fig. 4b) while Ag,, and Ag, decrease with ¢ (Fig. 3). The Gouy-
Chapman equation d¢;/dg; |, - =4 sinh(Ag;/2), or

fQ/Cyy= 2§js sinh(Aqaj/Z)

(20)

helps to understand these dependencies with ¢ when ¢ > c. The
charge Q is determined from macroscopic distribution potential

afAy ¢, = f Q/Cs + 2arsinh(f Q/2Cyo€,,,) + 2arsinh(f Q/2Cyé,) (21)

where &j;=k;jL;for j = w and o are calculated using c3o(L) =c/(1 +Ky,,)
and ¢1(0) =K,,/oC20(L). Since Cjoéjs is proportional to 2 Ag;decreases
with ¢ while Q increases with ¢ more slowly than ¢ /2 Note that Eq. (20)
is based on the local electroneutrality approximation at r = 0 and L,
1 — a; << 1, which is a very good approximation for phase w and rather
good for phase o when ¢>> c,.

The major implication of the microemulsion geometry (lamellar or
micellar) is that the thickness of the aqueous and organic phases are
very different. For @ = 0.15 and Ls = 2.14nm, the cell dimensions are
Ly=L,=6.06nm and L= 14.27nm in the lamellar microemulsion,
and L, = 20.19nm, L, = 4.52nm and L = 26.85nm in the w/o micelles.
These dimensions are similar to the Debye length (observe that
&js = kiLj = 1 in Table 1), which implies that the electrical double layer
extends over the whole cell. Because L™ > L1%" the deviations from
local electroneutrality at r = 0 are smaller in the micellar case,
aMe > qlim and the Debye length is slightly shorter in the micellar
phase w as ¢/M°(0) > ¢/a™(0). Similarly, L™ < L*™ implies that de-
viations from local electroneutrality at r = L are larger in the micellar
case, a™° < «!*™ and that the Debye length is slightly larger in the
micellar phase o. These geometrical effects enhance the electrical ef-
fects mentioned above and, therefore, we can conclude that
amic 5 glam 5 5 glam 5 gmic for a wide concentration range (Fig. 4b),
which is useful to know when solving the PBE in this complex situation.
At the critical concentration a,, gets close to one, but a, is significantly
smaller than one well above the critical concentration, which indicates
that deviations from local electroneutrality persist in phase o. The limit

a,—1 can hardly be achieved because of the solubility limit of the PDS.
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Fig. 3. Distribution potential (thick curve) in (a)

a ) ) Aw 90' ) ) b ) ) Aw (;; ) ) a lamellar and (b) a water-in-oil water | Tergitol-
E-— Q7% o 10| TFT microemulsion, both with &, = 0.15 and
25+ B B @, = &, as a function of the LiTB concentration
ey I L 1 7 ey, { cr, referred to the total microemulsion volume.
25f 3 ] | The distribution potential is the sum of the po-
20} Pow ] ] tential drops in the three phases,
20 1 1 AYp = Ap, + Apg + Ag , with Ay, <Ag, <Ag;.
w w The insets show magnifications of the
S 451 15 oo/ Bo @ Ags ] S 451 15 oo/ Ao p Apg 1] concentration range around
20 20 cTer = CouAY ¢ /FV.
< 10} 11 4 10} : °
104 5t Apw 1] 10§ s} Sew | 3]
Ay, Ag
I R I R R
5 @- ° -
lamellar w/o micelles
0 1 1 1 1 1 O 1 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100

cr / mmol L™

The minority ions are completely excluded when ¢ < c.,, i.e., phase
w contains only ionic species 1 and phase o only species 2 [22]. This
observation is apparent in the representation of the average con-
centrations (Ciy, Cow, €105 C20) VS. the PDS concentration c¢ (Fig. 5a, inset).
The microemulsion reaches then the maximum electrical polarization,
Q = Qumax = FVer = FV,,c. For high concentrations, (€, Cow, C10, C20) are
practically linear in ¢ (Fig. 5a), and the lines run in parallel in couples as
required by the charge balance ¢y — Coy = Ty — C1o = Q/FV,, (for
@, =d,) and the fact that Q is almost independent of ¢ when ¢ > c,.
The average concentrations ¢ and c,,, are significantly larger than cy,
and ¢, when ¢ > ¢, because of the value of the partition coefficient
Kuw/o =C+w/C+o= 14.97. Roughly, the slope of the c;, vs. ¢ curves is
Kw/o/(1 +Ky ) and that of the c;, vs. ¢ curves is
1/(1 + Ky,/,). However, it should be observed that Ky /o2 # C1wCow/C10C20
because  of the  Cauchy-Schwarz-Bunyakovsky  inequality,
Ciwlow/Crw?= €%w ePw >1 and Tol0/Cro’= €% €% >1
[35,44]. The ratio ¢1Cy €+ o2 is much larger than ¢y, Cow/c + w2 because
Ap, > Ag@,, (due to their lower permittivity of phase o0); in Fig. 5a,
C10Ca0/C+ 2= 2.51, 2.33 and 1.91 at ¢ = 20, 40 and 80 mmol/L, re-
spectively. The inequality ¢;,C > ¢4 o2 can also be observed in Table 1

and in Fig. 1, where it can be appreciated that the position r; at which
c1o(n) = ¢, differs from r, at which c¢,(») =0, so that
Cao = C20(R) > o (n)=1c +,0 2/Clo (n)= Ci+o 2/510~

The lamellar or micellar microemulsion geometry affects the ion
concentration distributions (Fig. 1) and hence the concentrations at the

cr / mmol L™

(c1w(0), c2w(0), c10(L), c2o(L)) vs. the PDS concentration c are different
for lamellar or micellar microemulsions (Fig. 5b). The minority ions are
excluded, c2,(0) = c1,(L) = 0, when ¢ < ¢ Both microemulsion geo-
metries satisfy ¢y (0) & c2w (0) < ¢, €10(L) = €20(L) and ¢1,,(0) =
OoieC20(L) wWhenlcl > c;.

The macroscopic distribution potential is a potential difference be-
tween two phases of different composition and, hence, not measurable
from a thermodynamics point of view. However, the conventions es-
tablished in liquid-liquid electrochemistry make possible to evaluate
the standard Gibbs free energies of transfer of the ions, their standard
potentials, and hence the distribution potential, from experimental re-
sults. The measurement of the distribution potential in microemulsions
is much more difficult experimentally. Our results show that, below the
critical concentration, the distribution potential increases with the PDS
concentration (Fig. 3) and decreases with increasing surfactant volume
fraction (Fig. 6), as an increase of &g involves larger area-to-volume
ratio and larger capacitance, Eq. (13). The only experimental results
available for the distribution potential in microemulsions [21,22] are in
qualitative agreement with the predictions of our theoretical modelling.
It should be noted, however, that every model involves a number of
simplifying assumptions. For instance, the rate of variation of the dis-
tribution potential with the PDS concentration is roughly proportional
to LZ (Fig. 6) at low concentrations, and the effective value of L (as well
as the effective relative permittivity &) may be affected by the
penetration of ions or solvent molecules in the surfactant monolayer,
which has been neglected.

Fig. 4. (a) Below the critical concentration, the

solubilization of the PDS in the microemulsion
generates an extraordinary electrodisparity: ca-
tions and anions separate in different phases and
the charge takes its maximum value, Quax = FVcr
(dotted line). At the critical concentration, the
charge vs. PDS concentration has a kink and
above it the charge continues to slightly increase
with concentration without saturation. Lamellar
(solid curve) and micellar (dashed, gray curve)
microemulsions (with &; = 0.15) have the same
charge. (b) The parameters @; which describe the
deviations from local electroneutrality at the cell
boundaries r = 0 and L vary over more than ten
orders of magnitude.

cell boundaries r=0 and L The curves that represent
a ; — ; b
5.00F L 1 1
- i -3
'y 1.00} 1 10
©° | ) ]
E 0.50 ! .
c ~ 10~
= T:,cr S 10
S :
w 0.10f ! 1
<] 1 10°°
~ 0.05f | 1
i 1072
0.01 . . e L
0.01 0.1 1 10 100 0.01

cr / mmol L™

0.1
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cr / mmol L™
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a i i i i b i i i Fig. 5. (a) Average and (b) local (at r = 0 and L)
140F 15 : - b 140f 15 7 1 ionic concentrations in a lamellar (solid lines)
maximum | q;ei gom J and a water-in-oil (dashed lines) water | Tergitol-
o
120k polari- 1 A% e ] 120F ,/ ] 10| TFT microemulsion, both with &, = 0.15, as a
10[ zation : C2o 10 cPm0) ’7” c2™(0) function of the LiTB concentration ¢ in phase w
[ ! 1 - [ mic 47 ] prior to the microemulsion formation. The thick
T 100 5 Cer /g\fﬁ /éois :l 100 5 CW}“;I oL lines correspond to the majority species (1 in
:‘ | g L 22 phase w and 2 in phase o) and the thin ones to
g 80r xglusion| g £ 80 the minority species. The mass balance
| _ _ _ ~
£ 0 ~ Clw + Clo = Caw + C20 = ¢ makes convenient the
—~ 60f © 5 :{ 60 use of c¢ instead of c=c/®, as independent
16 e variable. The insets show magnifications.
40} & 40 Lamellar and micellar microemulsions have re-
markably similar average ionic concentrations
20f Efﬁ’mic 1 20 (overlapping curves, panel a and inset), in spite
L . of the significant geometrical differences that
—] c
‘ phaseo  cfg™ affect the ion distributions (Fig. 1).
0 v v 0
0 20 40 60 80 0
¢ / mmol L™’ ¢ / mmol L™
~ 2000 ' ' ' ' ' locally electroneutral at the points furthest from the interface, although
‘TB 1000k l deviations may persist in the organic phase.
£ L. =214 nm A major complication in solving the PBE in microemulsions where
—  500F-. S ’ i local electroneutrality holds nowhere and the ionic concentrations are
b T not known at any point is that the PBE contains parameters that must be
= 200} , found iteratively from the mass and charge conservation requirements.
§ We have shown that the lamellar or micellar microemulsion geometry
;-s; 100¢ . i has a very minor effect on the distribution potential and the average
< L 1 ionic concentrations in the aqueous and organic phases. This conclusion
50 q 8 P
N 1.07 nm - . . . . . .
< . enables to estimate the electrical properties of micellar microemulsions
5 20l e by using the analytical solution of the Poisson-Boltzmann equation
E ) (PBE) in the equivalent lamellar case.
1 0 1 1 1 1 1
0.03 0.05 0.07 0.10 0.15 0.20 0.30
Nomenclature
surfactant volume fraction, &g
: ; R ol ; ; A; interfacial area between phases s and j (= w, o), m?
Fig. 6. At low concentrations the distribution potential increases linearly with the PDS J p J s Vs
concentration. The slope z1A8 ¢/ct at low concentrations decreases with increasing sur- C differential electrical capacitance of cell, F
factant volume fraction @;. This slope is roughly proportional to L2, the square of length Co = limc_reo C,F
of the surfactant molecule. The solid curve corresponds to the length Tergitol-10, G differential capacitance of phase j (=w, s, 0), F
Ly = 2.14nm. The dotted curve has been calculated with half this value of L in order to Cjo = ]jmcrﬁo CJ (except phase o in micelles), F
show that the slope zjAy'¢/ct is roughly reduced in a factor 4. The slopes have been c, =lichﬁO C, in micelles, F

calculated for a lamellar microemulsion, but it is expected from previous results that it is
practically the same for micellar microemulsions.

4. Conclusions

The distribution potential in lamellar and water-in-oil electrified
microemulsions composed of the aqueous solution of a potential de-
termining salt (PDS), an organic solvent and a nonionic surfactant has
been studied. Compared to macroscopic ITIES, microemulsions have an
extremely high surface-to-volume ratio, which increases with the sur-
factant volume fraction @;. In order to create the distribution potential
across every interface of the microemulsion, the amount of charge re-
quired can easily exceed the total electric charge available. When this
occurs, the actual distribution potential is smaller in magnitude than in
macroscopic ITIES and depends on &, and the PDS concentration cy.

The charge separation required to build up the distribution potential
is determined by its interfacial capacitance. The comparison between
the charge available in the microemulsion and the charge required to
establish the macroscopic distribution potential Ay'¢ determines a
critical concentration cr, that separates two regimes in relation to the
electrical polarization of the microemulsion. In the regime cr < crcr,
the solvation energy contribution dominates and the minimization of
the microemulsion free energy is achieved by maximizing the charge
separation. Then, the distribution potential and the charged increase
linearly with cr. In the regime cr > cr, the distribution potential
tends asymptotically to its macroscopic value and the solutions become
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c = ¢p/P,,, PDS concentration referred to V,,, mol/m?>
mean electrolyte concentration in phase j, mol/m?®

Coi
Cij_(Jr) concentration of ionic species i in phase j, mol/m>

Ty average concentration of species i in phase j, mol/m>
cr PDS concentration referred to cell volume, mol/m®

cd Jacobi elliptic function cd, 1

f = F/RT, reciprocal of thermal electrical potential, V~*
K elliptic integral of the first kind, 1

Kuw/o electrolyte partition coefficient, 1

L cell dimension, m

L thickness of phase j (= w, s, 0), m

m geometry parameter (value O planar, 2 spherical), 1
nd Jacobi elliptic function nd, 1

PDS potential determining salt

Q (absolute) charge separated across interface, C

Q charge in phase j, C

Qumax = FctV, upper bound of Q, C

r position coordinate normal to interfaces, m

sc Jacobi elliptic function sc, 1

V; volume of phase j (j = w, s, 0), m®

\% cell volume, m®

Greek

a; ratio of minority to majority ion concentration at the external

boundary of phase j, 1
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AG:? " standard Gibbs free energy of transfer of i, J/mol
Ag; dimensionless potential drop in phase j, 1

AV = zfAY ¢, dimensionless distribution potential, 1
Ay distribution potential, V

AY S standard transfer potential of ionic species i, V

& relative permittivity of phase j, 1

Kj Debye parameter in phase j, m '

& = (F%;/ 2605, RT)\?L;, 1

s = k;L;, dimensionless thickness of phase j, 1

&o = ko(L — r), dimensionless position in phase o, 1
foL = KOL: 1

Ew = kyT, dimensionless position in phase w, 1

oj charge density in phase j, C/m>

D; volume fraction of phase j (= w, s, 0), 1

(pOj = —(1/2) In aj =Zlf¢0j! 1

®o = z:fl¢(r) — ¢(L)], dimensionless potential in o, 1
Pw = —z1f[¢p(r) — $(0)], dimensionless potential in w, 1
¢ electric potential, V

Subscripts

1 more hydrophilic ion

2 less hydrophilic ion

cr critical, upper bound in maximum polarization regime
k majority ion (1 in phase w, 2 in o)

oo macroscopic ITIES
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