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POTENTIAL DETERMINING IONS 
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Abstract 
When added to immiscible liquid-liquid systems, the ions with different 
hydrophobicity forming a potential determining salt (POS) reach a distribution 
equilibrium and generate an electrical potential difference. In microemulsions, the 
interfacial area per volume is so large that the total amount of charge that would be 
required to establish the macroscopic distribution potential exceeds the total charge 
present in the system. Consequently, the distribution potential is smaller than its 
macroscopic value and large deviations from local electroneutrality are observed. In 
this work the electrical polarization of a !amellar and w/o microemulsions composed 
ofthe aqueous solution ofa POS, an oíl anda non-ionic surfactant is studied in order 
to explain the dependence of the distribution potential on the nature and 
concentration of the POS, the surfactant concentration, and the geometry of the 
emulsion microstructure. 

Keywords: Oistribution potential, Microemulsions, Liquid-liquid interfaces 

INTRODUCTION 

Microemulsions are thermodynamically stable and macroscopically isotropic 
mixtures oftwo immiscible solvents and, at least, one amphiphilic component [I]. 
Their applications are mostly based on their extraordinary solubilisation capacity 
and the very high interfacial area per volume. The spatial confinement of chemical 
reactions in colloidal solutions and microemulsions enables, e.g., the size control 
in the synthesis of metal nanoparticles [2-4]. 

In liquid-liquid electrochemistry electrical potential differences can be applied 
without electrodes [5]. Electrified microemulsions are charged 
microheterogeneous systems with variable interfacial potential differences which 
is also controlled by the partitioning of ions [6-1 O] . This interfacial potential 
difference modifies, e.g. , the interfacial tension as is known in electrocapillarity 
[ 11 , 12]. Potential determining salts (PDS) are strong electrolytes formed by ions 
of different hydrophobicity. When added to immiscible liquid-liquid systems, the 
dissociated ions redistribute in the aqueous and organic phases and generate the 
so-called distribution potential [13-17]. In a macroscopic system, the distribution 
potential t:.; ¡/1

00 
can be established on account of the unlimited amount of 

avai lable ions (and charge). In microemulsions, the interfacial area per volume is 
so large that the charge required to establish the distribution potential t:.; ¡/1

00 

across every microinterface can easily exceed the charge of ali the ions present in 
the system. As a consequence, the distribution potential in microemulsions is 
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smaller than in macroscopic systems t.: t/J s t.: t/J
00 

and depends on the salt 
concentration. 

The standard description of the distribution potential in liquid-liquid 
electrochemistry makes use of the electroneutrality condition far from the 
interface because the aqueous and organic phases are thought of as a spatially 
charged region close to the interface and a locally electroneutral. region ~rther 
away [13] . However, the electrical double !ayer may cover the ent1re extens1on. of 
both phases in electrified microemulsions. For example, when a PDS hke 
tetradecylammonium chloride is added to the microemulsion, the ions partition 
into different phases so that, for the range of salt concentrations of practica! 
interest, the aqueous phase only contains hydrophilic chloride anions and the 
organic phase only contains hydrophobic cations [8]. The importance of the 
problem of significant deviations from local electroneutr~lity in s~all syste.ms like 
electrified microemulsions has frequently been recogmzed but 1ts solut1on has 
only been derived in the case of small potentials and for nanodroplets in a 
continuum phase [14,17-20]. 

Electrified microemulsions with PDS have severa! distinctive features that make 
them different from macroscopic immiscible electrolyte solutions (ITIES) and 
from ordinary microemulsions, either with ionic or non-ionic surfactants. The 
dissociated ions accumulate at both sides of the interface and stabilize the 
microemulsion, which may be formed even in the absence of surfactant [21]. The 
distribution potential t." t/J in electrified microemulsions can be varied from O to 
that of macroscopic ITIES, t.: t/J

00 
• Since the charge transfer kinetics in 

microheterogeneous media is affected by the interfacial potential, this simple and 
convenient procedure for potential variation can be exploited to affect the rate of 
processes such as proton transfer reactions [ 1 O]. 

For surfactant volume fractions 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 ofKalhweit's fish phase diagram) [1,8] , an increase in temperature produces a 
phase change from o/w microemulsion (oil swollen. micelles. in aque~us 
continuous phase) to !amellar structure, and then to w/o m1croemuls1on (water-m­
oil or swollen reverse micelles). In the next section, the electrical polarization of 
!amellar and w/o microemulsions composed of the aqueous solution of a PDS, an 
oil and a non-ionic surfactant is described in order to explain the dependence of 
the distribution potential on the nature and concentration of the PDS and the 
surfactant concentration. The theoretical modelling incorporates naturally the 
effect of the phase volume ratio [22] and does not use local electroneutrality. 
Global electroneutrality is imposed using the cell model [23]. The evaluation of 
the distribution potential requires matching the solutions of the Poisson­
Boltzmann equation (PBE) in the different phases. The PBE is solved analytically 
in !amellar electrified microemulsions. Approximate solutions for !amellar and 
micellar microemulsions are also derived and compared to exact numerical 
results. 

54 

MICROEMULSIONS WITH NONIONIC SURFACTANTS AND POTENTIAL 
DETERMININGIONS 

THEORETICAL MODELLING 

Microemulsion composition and cell dimensions. The aqueous solution of a PDS, 
a non-ionic surfactant, and an organic solvent that (initially) contains no salt are 
considered as three (pseudo)components of the microemulsion. Their 
concentrations are specified by their volume fractions <JJ" , <!>, and 
<1>

0 
= 1- '1\, -<!>, , respectively. It is assumed that the surfactant is in micellar w/o 

or !amellar form, with no monomers in solution and that the surfactant monolayer 
contains no ions, water and oil molecules. The microemulsion volume is divided 
into globally electroneutral cells, and only one such cell consisting of aqueous 
(w), surfactant (s), and oíl (o) regions is considered henceforth. The cell extends 
from r = O to r = L , where r is the coordinate normal to the surfactant monolayer; 
this coordinate is axial or radial depending on the microemulsion geometry. The 
aqueous phase extends from r = O to r = L" , the surfactant monolayer from r = 
L to r = L + L where L is the surfactant length (headgroup plus tail), and the 
o;ganic pha~e e~t~nds fro~ r = L - L

0 
to r = L = Lw + L, + L

0
• The cell volume is 

V= 4nl3 /3 in the micellar case and V= AL in the !amellar case, where A is the 
!amellar area. 

Since the components are immiscible, the volume of phase j is ~ = <l>
1
V (j = w, s, 

o). In !amellar microemulsions, a similar relation holds for the thicknesses 
L = <l> L . In micellar microemulsions, L = <l>113 L and L = L- L - L, where the 

j } .w w o • w • 

total cell size L = L, /[(1- <l>
0
)'

13 
- <!>,~'] 1s evaluated as a function of the effective 

length L, of the surfactant molecule. Thus, L" , L
0 

and L increase with 
decreasing <!>, . When oil and water are in the same volume ratio, 
<!> w = <l>

0 
= (1- <l>,) / 2 , the aqueous and organic regions have the same thickness in 

the !amellar case, but different thicknesses in the micellar case, with the externa! 
organic region being thinner. In !amellar microemulsions, the areas of the water­
surfactant and oil-surfactant interfaces are A,, = A

0 
=A , and therefore 

~L /V = A,,L /V = 1 . In w/o micelles, these areas are A_ = 4nL2 and 
A,, ="4rrcL - Lj

0 0 

, and therefore .4,vLw I v_, == 3 w and 
A,,L

0 
/V,, = 3[(1 -<1>

0
)2 13 -(1- <1>

0
)]/ <l>

0 
= 3(L- L

0
)

2 /(3L' -3LL
0 

+ L!) . For the case 
<l>" = <!>

0
, the latter ratio ranges from O. 780 when <!>, ~O to 1 when <l>, ~ 1. 

Equilibrium ion distribution . Prior to the microemulsion formation, the aqueous 
solution has a molar concentration e of the 1: 1 PDS. Once these ions reach an 
equilibrium distribution between the phases w and o so that the electrolyte mean 
molar concentrations e =(e e )' 12 and e =(e, c2 )'

12 are independent of 
position (within the resp~~tive 

1

ph~;e). The dis~;ibutio
0

n potential is defined as the 
resulting potential difference between the ionic solutions at r = O and r = L , the 
furthest positions from the interface, t.~' t/J = t/J(O)-t/>(L) . The electrolyte chemical 
partition coefficient is 

(1) 

where f = FIRT, z, is the charge number of species i ( z, = -z2 ) , 

t. w rjJ,º = - t.Gº·º-->" / z F is its standard transfer potential, and t.G~·~-->w is its 
st~ndard Gibb~ free 

0

energy of transfer from phase o to w. Formal an'd standard 
transfer potentials are usually considered as equivalent when calculating the 
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smaller than in macroscopic systems t.: t/J s t.: t/J
00 

and depends on the salt 
concentration. 

The standard description of the distribution potential in liquid-liquid 
electrochemistry makes use of the electroneutrality condition far from the 
interface because the aqueous and organic phases are thought of as a spatially 
charged region close to the interface and a locally electroneutral. region ~rther 
away [13] . However, the electrical double !ayer may cover the ent1re extens1on. of 
both phases in electrified microemulsions. For example, when a PDS hke 
tetradecylammonium chloride is added to the microemulsion, the ions partition 
into different phases so that, for the range of salt concentrations of practica! 
interest, the aqueous phase only contains hydrophilic chloride anions and the 
organic phase only contains hydrophobic cations [8]. The importance of the 
problem of significant deviations from local electroneutr~lity in s~all syste.ms like 
electrified microemulsions has frequently been recogmzed but 1ts solut1on has 
only been derived in the case of small potentials and for nanodroplets in a 
continuum phase [14,17-20]. 

Electrified microemulsions with PDS have severa! distinctive features that make 
them different from macroscopic immiscible electrolyte solutions (ITIES) and 
from ordinary microemulsions, either with ionic or non-ionic surfactants. The 
dissociated ions accumulate at both sides of the interface and stabilize the 
microemulsion, which may be formed even in the absence of surfactant [21]. The 
distribution potential t." t/J in electrified microemulsions can be varied from O to 
that of macroscopic ITIES, t.: t/J

00 
• Since the charge transfer kinetics in 

microheterogeneous media is affected by the interfacial potential, this simple and 
convenient procedure for potential variation can be exploited to affect the rate of 
processes such as proton transfer reactions [ 1 O]. 

For surfactant volume fractions 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 ofKalhweit's fish phase diagram) [1,8] , an increase in temperature produces a 
phase change from o/w microemulsion (oil swollen. micelles. in aque~us 
continuous phase) to !amellar structure, and then to w/o m1croemuls1on (water-m­
oil or swollen reverse micelles). In the next section, the electrical polarization of 
!amellar and w/o microemulsions composed of the aqueous solution of a PDS, an 
oil and a non-ionic surfactant is described in order to explain the dependence of 
the distribution potential on the nature and concentration of the PDS and the 
surfactant concentration. The theoretical modelling incorporates naturally the 
effect of the phase volume ratio [22] and does not use local electroneutrality. 
Global electroneutrality is imposed using the cell model [23]. The evaluation of 
the distribution potential requires matching the solutions of the Poisson­
Boltzmann equation (PBE) in the different phases. The PBE is solved analytically 
in !amellar electrified microemulsions. Approximate solutions for !amellar and 
micellar microemulsions are also derived and compared to exact numerical 
results. 
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THEORETICAL MODELLING 

Microemulsion composition and cell dimensions. The aqueous solution of a PDS, 
a non-ionic surfactant, and an organic solvent that (initially) contains no salt are 
considered as three (pseudo)components of the microemulsion. Their 
concentrations are specified by their volume fractions <JJ" , <!>, and 
<1>

0 
= 1- '1\, -<!>, , respectively. It is assumed that the surfactant is in micellar w/o 

or !amellar form, with no monomers in solution and that the surfactant monolayer 
contains no ions, water and oil molecules. The microemulsion volume is divided 
into globally electroneutral cells, and only one such cell consisting of aqueous 
(w), surfactant (s), and oíl (o) regions is considered henceforth. The cell extends 
from r = O to r = L , where r is the coordinate normal to the surfactant monolayer; 
this coordinate is axial or radial depending on the microemulsion geometry. The 
aqueous phase extends from r = O to r = L" , the surfactant monolayer from r = 
L to r = L + L where L is the surfactant length (headgroup plus tail), and the 
o;ganic pha~e e~t~nds fro~ r = L - L

0 
to r = L = Lw + L, + L

0
• The cell volume is 

V= 4nl3 /3 in the micellar case and V= AL in the !amellar case, where A is the 
!amellar area. 

Since the components are immiscible, the volume of phase j is ~ = <l>
1
V (j = w, s, 

o). In !amellar microemulsions, a similar relation holds for the thicknesses 
L = <l> L . In micellar microemulsions, L = <l>113 L and L = L- L - L, where the 

j } .w w o • w • 

total cell size L = L, /[(1- <l>
0
)'

13 
- <!>,~'] 1s evaluated as a function of the effective 

length L, of the surfactant molecule. Thus, L" , L
0 

and L increase with 
decreasing <!>, . When oil and water are in the same volume ratio, 
<!> w = <l>

0 
= (1- <l>,) / 2 , the aqueous and organic regions have the same thickness in 

the !amellar case, but different thicknesses in the micellar case, with the externa! 
organic region being thinner. In !amellar microemulsions, the areas of the water­
surfactant and oil-surfactant interfaces are A,, = A

0 
=A , and therefore 

~L /V = A,,L /V = 1 . In w/o micelles, these areas are A_ = 4nL2 and 
A,, ="4rrcL - Lj

0 0 

, and therefore .4,vLw I v_, == 3 w and 
A,,L

0 
/V,, = 3[(1 -<1>

0
)2 13 -(1- <1>

0
)]/ <l>

0 
= 3(L- L

0
)

2 /(3L' -3LL
0 

+ L!) . For the case 
<l>" = <!>

0
, the latter ratio ranges from O. 780 when <!>, ~O to 1 when <l>, ~ 1. 

Equilibrium ion distribution . Prior to the microemulsion formation, the aqueous 
solution has a molar concentration e of the 1: 1 PDS. Once these ions reach an 
equilibrium distribution between the phases w and o so that the electrolyte mean 
molar concentrations e =(e e )' 12 and e =(e, c2 )'

12 are independent of 
position (within the resp~~tive 

1

ph~;e). The dis~;ibutio
0

n potential is defined as the 
resulting potential difference between the ionic solutions at r = O and r = L , the 
furthest positions from the interface, t.~' t/J = t/J(O)-t/>(L) . The electrolyte chemical 
partition coefficient is 

(1) 

where f = FIRT, z, is the charge number of species i ( z, = -z2 ) , 

t. w rjJ,º = - t.Gº·º-->" / z F is its standard transfer potential, and t.G~·~-->w is its 
st~ndard Gibb~ free 

0

energy of transfer from phase o to w. Formal an'd standard 
transfer potentials are usually considered as equivalent when calculating the 
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distribution potential [22]. The equilibrium with respect to the ion distribution 
between these solutions requires 

(2) 

If the solutions at r =O and r = L were electroneutral , then c
0
.(0) =c,w,oo and 

c,0 (L)=c.0.~ (i = ! , 2), and the distribution potential would take the macroscopic 
value e,,~· t/>00 = (t..:•</>,° +t..: tf>;) / 2, independently of the salt concentration e and the 
volume fractions of the microemulsion components [ 14-17]. When the two ions 
ha ve similar hydrophobicity ce,,:·</>,º "'-t..:• tf>;) the distribution potential t..: <f>oo is 
small , but it can range between -0.7 and +0.7 V for sorne PDS. For salts 
composed of a hydrophilic cation (t..:• tf>,º > O) and a hydrophobic anion (e,,:· <1>; > o 
), the aqueous phase acquires an excess of positive charge ( due to the higher 
affinity of the cation for this phase) and the organic phase acquires an excess of 
negative charge, so that the former is positive with respect to the latter, t..: t/>

00 
>O. 

Contrarily, e,,:• tf>
00 

< O when the salt is composed of a hydrophobic cation 
(t..:• r/>¡° <O) and a hydrophilic anion (t..: tf>; <O). We use label 1 for the more 
hydrophilic species, so that z,t..:• tf> >o and l'.G~.~-+w > l'.G~-~-+w . 

Equation (2) implies that the (dimensionless) distribution potential is 

zJD.: </> = zJt..: tf>oo + (1/2) ln(aoaw) = zJt..:• tf>oo - q>Oo -<Pow , (3) 

where the ratios aw = c2w(O)/ c,w(O) = e-2
"'· ::;; 1 and 

a
0 

= c10 (L)/ c20 (L) = e-2
"'· ::;; 1 quantify the deviations from local electroneutrality 

at r =O and r =L. Equation (3) can be conveniently interpreted as follows (Fig. !). 
The microemulsion is in distribution equilibrium with fictitious electroneutral 
aqueous and organic solutions whose electrolyte concentrations are c±w and c±

0
, 

respectively. The dimensionless potential difference between these solutions is the 
macroscopic distribution potential and can be decomposed in three contributions, 
zJt..:• t/>00 = <P0o + zJt..:' </> + <Po.v, where <f>o

0 
= -(! / 2) In a

0 
~ O is the potential of the 

solution at r = L with respect to the electroneutral organic solution, zJt..: </>~O is 
the distribution potential in the microemulsion, and 'Pow = - (1/2) Inª" ~ O is the 
potential of the electroneutral aqueous solution with respect to the solution at r = 
O. In turn, the distribution potential is the sum of the potential drops in the phases 
o, s and w, zJt..:·<f>=D.q>

0 
+t..q>, +D.<f'w (Fig. !). 

phase w phase s phase o 

" 
z1Q -::1 Q o 

1A /'.~'</>"' 1A 
"' A'fJw Acps A'fJo '" -a~ J!22._ -a 
~ !'.';</> 'E 

::; 
¡) C¡ w l'~o 

.., 
" C1w(O) C20(/. ) e 2 C±w C2w (O) C10 (L) C±o u C2 w CJ";;- u .., .., 

~ J_ -¡:¡ -¡¡ o ews fos o 
o Lw 

/' 
lw+L, lw+l,+l0 -

Figure l. Schematic representation of the different poten ti al drops in the electrified microemulsion 
regions, including the extensions of the phases and the ionic and electrolyte concentrations. The 
fictitious electroneutral phases in equilibrium with the microemulsion help to understand that the 
distribution potential in electrified microemulsions is smaller !han in macroscopic ITIES. 
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Conservation equations. Due to the difference in hydrophobicity of the ions, 
phase w contains an excess of species 1, C," > c2w , and phase o an excess of 
species 2, c20 > C,

0
• Then, these phases are not electroneutral but charged, and the 

total charge is z
1
Q in phase w and -z,Q in phase o. The majority ions (! in phase 

w and 2 in phase o) are called counterions because they counterbalance most of 
the electric charge in the opposite phase. The concentrations of the minority ions, 
cw =e," and c

0 
= c,

0
, are known as the stoichiometric electrolyte concentrations 

[24,25], and they differ significantly from the mean concentrations e," and c,
0 

• 

The average concentrations in the phases w and o, C.w and C,
0 

, respectively, 
satisfy the mass conservation equations 

(4) 

where cT = <J>wc is the total electrolyte concentration referred to the 
microemulsion volume. The average counterion concentrations C,w =e - c

0 
/ r"'º 

and c20 =(c-cw)r"'º can be expressed in terms of e" and c
0 

and the volume 
fraction ratio r;.10 = <J>w / <1>0. Similarly, the charge is expressed in terms of cw and 
c

0 
as 

Q / FV = <J>w (c,w -c2 w) = <P0 (c20 -c,0 ) = cT -<J>wcw -<1>0c0 ~O . (5) 

The evaluation of t..: tf> requires matching the solutions of the PBE in the three 
phases so that Eqs. (1) and (3) are satisfied; cw and c

0 
can be found from these 

two conditions. 

Poisson-Boltzmann equation (PBE). The Debye parameters are defined with 
respect to the total ionic concentration at r = O and r = L as 

2 F 2 [c".(O)+c,.. (O)] K 2 _ F'[c10 (L)+c20 (L)] 
Kw = Eo&wRT ' o = Eo&oRT 

(6) 

where &0 is the electrical permittivity of vacuum, and &" and &
0 

are the relative 
permittivities of phases w and o. The average counterion concentrations are 
presented in dimensionless form as ~~ = F2c,1 L~ / &0&

1
RT, where k = 1 if j = w 

and k= 2 ifj = o. 

The local ion concentrations in phase w are c,w (r) = c,w (O)e"· and 
e (r) =e (O)a e-"· where <P =-z,f[ql(r)-ql(O)] ~ O is the local dirnensionless 
el~·ctric ~~tenti;l. The pla~'ar and spherical geometries are described 
simultaneously using a parameter m that takes the values O and 2, respectively. 
The PBE in this phase is 

d2m m dm e"·· -a e-"· 
_r_w + --.,,-" = " =sinh<p +tanh<A cosh<p (7) 
di:;\: i:;w cti:;w 1 + aw w Ow w 

where ,; = K r is the dimensionless position. The r.h.s . of Eq. (7) reduces to e"· 
when t~ 'Po,:·"' 1 ( or ª" "' O) and to sinhq>" when 'Pow "'O ( or ª" "' 1) which 
are, respectively, the limits corresponding to absence of salt (i.e., only counterions 
present in phase w) and high salt concentration or macroscopic system (i .e., local 
electroneutrality at r = O). The boundary conditions are 'Pw (O)= O , 

( dq>w / dS'w ),;. =0 =o and 
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distribution potential [22]. The equilibrium with respect to the ion distribution 
between these solutions requires 

(2) 

If the solutions at r =O and r = L were electroneutral , then c
0
.(0) =c,w,oo and 

c,0 (L)=c.0.~ (i = ! , 2), and the distribution potential would take the macroscopic 
value e,,~· t/>00 = (t..:•</>,° +t..: tf>;) / 2, independently of the salt concentration e and the 
volume fractions of the microemulsion components [ 14-17]. When the two ions 
ha ve similar hydrophobicity ce,,:·</>,º "'-t..:• tf>;) the distribution potential t..: <f>oo is 
small , but it can range between -0.7 and +0.7 V for sorne PDS. For salts 
composed of a hydrophilic cation (t..:• tf>,º > O) and a hydrophobic anion (e,,:· <1>; > o 
), the aqueous phase acquires an excess of positive charge ( due to the higher 
affinity of the cation for this phase) and the organic phase acquires an excess of 
negative charge, so that the former is positive with respect to the latter, t..: t/>

00 
>O. 

Contrarily, e,,:• tf>
00 

< O when the salt is composed of a hydrophobic cation 
(t..:• r/>¡° <O) and a hydrophilic anion (t..: tf>; <O). We use label 1 for the more 
hydrophilic species, so that z,t..:• tf> >o and l'.G~.~-+w > l'.G~-~-+w . 

Equation (2) implies that the (dimensionless) distribution potential is 

zJD.: </> = zJt..: tf>oo + (1/2) ln(aoaw) = zJt..:• tf>oo - q>Oo -<Pow , (3) 

where the ratios aw = c2w(O)/ c,w(O) = e-2
"'· ::;; 1 and 

a
0 

= c10 (L)/ c20 (L) = e-2
"'· ::;; 1 quantify the deviations from local electroneutrality 

at r =O and r =L. Equation (3) can be conveniently interpreted as follows (Fig. !). 
The microemulsion is in distribution equilibrium with fictitious electroneutral 
aqueous and organic solutions whose electrolyte concentrations are c±w and c±

0
, 

respectively. The dimensionless potential difference between these solutions is the 
macroscopic distribution potential and can be decomposed in three contributions, 
zJt..:• t/>00 = <P0o + zJt..:' </> + <Po.v, where <f>o

0 
= -(! / 2) In a

0 
~ O is the potential of the 

solution at r = L with respect to the electroneutral organic solution, zJt..: </>~O is 
the distribution potential in the microemulsion, and 'Pow = - (1/2) Inª" ~ O is the 
potential of the electroneutral aqueous solution with respect to the solution at r = 
O. In turn, the distribution potential is the sum of the potential drops in the phases 
o, s and w, zJt..:·<f>=D.q>

0 
+t..q>, +D.<f'w (Fig. !). 
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Figure l. Schematic representation of the different poten ti al drops in the electrified microemulsion 
regions, including the extensions of the phases and the ionic and electrolyte concentrations. The 
fictitious electroneutral phases in equilibrium with the microemulsion help to understand that the 
distribution potential in electrified microemulsions is smaller !han in macroscopic ITIES. 
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Conservation equations. Due to the difference in hydrophobicity of the ions, 
phase w contains an excess of species 1, C," > c2w , and phase o an excess of 
species 2, c20 > C,

0
• Then, these phases are not electroneutral but charged, and the 

total charge is z
1
Q in phase w and -z,Q in phase o. The majority ions (! in phase 

w and 2 in phase o) are called counterions because they counterbalance most of 
the electric charge in the opposite phase. The concentrations of the minority ions, 
cw =e," and c

0 
= c,

0
, are known as the stoichiometric electrolyte concentrations 

[24,25], and they differ significantly from the mean concentrations e," and c,
0 

• 

The average concentrations in the phases w and o, C.w and C,
0 

, respectively, 
satisfy the mass conservation equations 

(4) 

where cT = <J>wc is the total electrolyte concentration referred to the 
microemulsion volume. The average counterion concentrations C,w =e - c

0 
/ r"'º 

and c20 =(c-cw)r"'º can be expressed in terms of e" and c
0 

and the volume 
fraction ratio r;.10 = <J>w / <1>0. Similarly, the charge is expressed in terms of cw and 
c

0 
as 

Q / FV = <J>w (c,w -c2 w) = <P0 (c20 -c,0 ) = cT -<J>wcw -<1>0c0 ~O . (5) 

The evaluation of t..: tf> requires matching the solutions of the PBE in the three 
phases so that Eqs. (1) and (3) are satisfied; cw and c

0 
can be found from these 

two conditions. 

Poisson-Boltzmann equation (PBE). The Debye parameters are defined with 
respect to the total ionic concentration at r = O and r = L as 

2 F 2 [c".(O)+c,.. (O)] K 2 _ F'[c10 (L)+c20 (L)] 
Kw = Eo&wRT ' o = Eo&oRT 

(6) 

where &0 is the electrical permittivity of vacuum, and &" and &
0 

are the relative 
permittivities of phases w and o. The average counterion concentrations are 
presented in dimensionless form as ~~ = F2c,1 L~ / &0&

1
RT, where k = 1 if j = w 

and k= 2 ifj = o. 

The local ion concentrations in phase w are c,w (r) = c,w (O)e"· and 
e (r) =e (O)a e-"· where <P =-z,f[ql(r)-ql(O)] ~ O is the local dirnensionless 
el~·ctric ~~tenti;l. The pla~'ar and spherical geometries are described 
simultaneously using a parameter m that takes the values O and 2, respectively. 
The PBE in this phase is 

d2m m dm e"·· -a e-"· 
_r_w + --.,,-" = " =sinh<p +tanh<A cosh<p (7) 
di:;\: i:;w cti:;w 1 + aw w Ow w 

where ,; = K r is the dimensionless position. The r.h.s . of Eq. (7) reduces to e"· 
when t~ 'Po,:·"' 1 ( or ª" "' O) and to sinhq>" when 'Pow "'O ( or ª" "' 1) which 
are, respectively, the limits corresponding to absence of salt (i.e., only counterions 
present in phase w) and high salt concentration or macroscopic system (i .e., local 
electroneutrality at r = O). The boundary conditions are 'Pw (O)= O , 

( dq>w / dS'w ),;. =0 =o and 
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2/Q 
(8) 

where ;w, = KWLW and e"" = 2&o&wA.., / Lw . From k.nown values of Q and clw , the 
unknown parameters ª" =e-'"'· and ;"' can be determined using Eq. (8) and 

F 2c L' +I ~'" :t"' = __ lw_w = m f e~" .t="'d.t= 
lw & & RT pn-l(I ) ':>w ':>w · 

O w l::iws +aw o 
(9) 

The unknown concentrations c1w (O) and e," (O) and the potential drop 
l'l<pw = 'Pw(qw,) = zJó~" = zJ[~w(O)-~w(Lw)J can also be calculated from the 
solution ofEq. (7). 

Similarly, the local ion concentrations in phase o are c
20

(r) = c,
0

(L)e'Po and 
c, 0 (r) = c20 (L)a0e-~º where <p

0 
= zJ[~(r)-~(L)];;:: O. The PBE in this phase is 

(10) 

where q0 =K0(L-r) is the dimensionless pos1t1on and ;
0
L =K0L ; i. e., 

q0 L - q0 = K0r . Its boundary conditions are 1p0 (O) =O, ( d.;o
0 

/ dq
0 
\,

0
;

0 
=O and 

l :~: t_ :.:e: (11) 

where ;º' = KOLO and coO = 2&o&oA,, / L . From Q and e, , the unknown 
2 o ~ 

parameters a
0 

=e-"'º and q
0

, can be determined using Eq. (11) and 

:t"'=F'c20L!_ (m+l);;, ~f· e~· (~ ~)"'d~ 
2o - & 8 RT - <JJ pn+l(l + ) oL - o o. (12) 

O o o'='oL ªº O 

Then, the unknown concentrations c,
0
(L) and c,

0
(L), and the potential drop in 

phase O l'l<p0 = <p0(q0,) = zJl'1~0 = zJ[~0 (L-L0)-~0 (L)], can also be calculated. 

In the surfactant monolayer with no ions, the continuity ofthe (normal component 
ofthe) electrical displacement requires 

(13) 

where C, = & 0&, (A,,A0 )'
12 I L, is the electrical capacitance of the monolayer. 

Dif.ferential capacitance. The differential capacitance of the cell is 

_[_=_!_ di'l:'~ =_I_(di'l<pw + di'l<p, + di'l<p0 )=_!_+J__+J__ (!4) 
e z1 dQ f dQ dQ dQ e" e, c

0 
• 

when this monolayer has a low effective relative permittivity and the surfactant 
molecules are relatively long. The contribution from the phases s and o can be 
similar in magnitude, while the capacitance of phase w is usually much larger. 
The cell capacitance when cT ~O is an important characteristic of the 
microemulsion which can be evaluated as follows . In this limit, the space charge 
density in the phases w and o is practically independent of position, and then the 
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r.h.s. of Eqs. (7) and (10) can be approximated by l. Thus, it is obtained that 
l'i<Pw "',;,',. /2(m + !) "'fQ / C"º , and hence the limit of C" when cT ~O is C,.o ; 
note that m + 1 = A,,L" /V" Similarly it is deduced that 
t:..<p

0 
"'c;:,[(m + I)L-L

0
]1[2(m + I)(L-L

0
)]. On the other hand, it is deduced that 

2fQ / Co0 "',i;;,v
0 

/ A,,L0 where, as shown abo ve, A0L0 / V0 = 1 in the lame llar case 
and A L /V = 3(L-L )2 /(3L' -3LL + L2) in the micellar case. We define the 
value ~f

0 

eº o in the li~it CT ~o as C~o. i°n the lame llar case C~o = eºº, while the 
ratio C',,,, / Co0 = (3L2 -3LL

0 
+ L!)l[(L-L

0
)(3L-LJ] ranges from 1 when <P0 =O 

to 1.093 when <P
0 

= 1/ 2 in the micellar case. Therefore, the cell capacitance in the 
limit cT ~O is C0 = (C,~~ +e;' +c.;;;1

) "'(C,~~ +c;
1 +C~). 

Polarization regimes. The charge separation required to build up the distribution 
potential depends on the characteristics of the microemulsion and, particularly, on 
its interfacial capacitance. The comparison between the charge available in the 
microemulsion and the charge required to establish the macroscopic distribution 
potential t:..: tj>

00 
determines a critica! value that separates two regimes where the 

electrical polarization of the microemulsion has different characteristics. The 
charge required to establish the distribution potential !:>.~' </>

00 
can be roughly 

estimated as Q.,, = C0z1 b.~' tj>00
• For a given concentration cT, the maximum charge 

separation that can be achieved is Qmax = FcTV . The two concentration regimes 
mentioned above correspond to Q < Q and Q > Q . Altematively, they can 
be described as e< e" and e>"';::, or" cT < cT";' and" cT > cT.cr = <P"c" . It is 
important to observe that cT.cr = C0z16; ~"' I FV is proportional to the interfacial 
area per volume. The regime cT < cT." cannot be observed in macroscopic ITIES 
because cT.cr is extremely small for those systems. The different behaviour of 
electrified microemulsions and macroscopic ITIES is more evident for large <P,, 
because cT.cr increases with increasing <P, . 

Below the critica! concentration, cT < cTc< , the solvation energy contribution 
dominates and the minimization of the microemulsion free energy is achieved by 
maximizing the charge separation, Q"' Qm." = FcTV . The phases w and o contain 
only counterions and the stoichiometric electrolyte concentrations e" and c0 

practically vanish, even though this implies a very low microemulsion entropy 
(viz., the contribution associated with the ion distribution). The distribution 
potential z

1
t:..: </> also increases linearly with cT as z1 b.~' </>"' Q I C0 • Since Q I cT 

and z
1
t:..: </> / cT take maximum values, we refer to this regime as that of maximum 

electrical polarization of the microemulsion. The regime is also characterized by 
the approximation tanh<Po

1 
"'1 (j = w, o) because the ratios ª" and a 0 take very 

small values (i.e., the deviations from local electroneutrality at r =O and r = L are 
extreme), although they cannot vanish beca use the condition zJt:..: </>?.O and Eq. 
(3) imply that a,,a

0
?. exp( -2zJt:..: </>

00
) • At low salt concentrations, 

'Pow = -(1/2) Inª" "'[zJ(b.~' <1>; -t:..: </>)-In r;,,ol /2 and 'Poo = -(112) Inªº 
"'[z.f(l'l: <1>;-t:..: </>)+In r;,,

0
)/2 decrease linearly and !':>.<¡:>" "'f FcTV IC"º , 

l'l<p, "' f FcTV /e, and ll<po "'f FcTV / cºº increase linearly with increasing CT. 

For salt concentrations above the critica! value, e> e" , the average ionic 
concentrations are 

c10 "'r"'º(c-c")/(I + K"'º,."'º) e," "'Kw1oc1º and 
c20 "'r"10(c+K"10r;,10c")l(l+K"1orw10), so that Q=F(c1w -c," )11;, "'º" =Fc"V". 
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2/Q 
(8) 

where ;w, = KWLW and e"" = 2&o&wA.., / Lw . From k.nown values of Q and clw , the 
unknown parameters ª" =e-'"'· and ;"' can be determined using Eq. (8) and 

F 2c L' +I ~'" :t"' = __ lw_w = m f e~" .t="'d.t= 
lw & & RT pn-l(I ) ':>w ':>w · 

O w l::iws +aw o 
(9) 
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(r) = c,
0

(L)e'Po and 
c, 0 (r) = c20 (L)a0e-~º where <p

0 
= zJ[~(r)-~(L)];;:: O. The PBE in this phase is 

(10) 
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0
L =K0L ; i. e., 

q0 L - q0 = K0r . Its boundary conditions are 1p0 (O) =O, ( d.;o
0 

/ dq
0 
\,

0
;

0 
=O and 

l :~: t_ :.:e: (11) 
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2 o ~ 

parameters a
0 

=e-"'º and q
0

, can be determined using Eq. (11) and 

:t"'=F'c20L!_ (m+l);;, ~f· e~· (~ ~)"'d~ 
2o - & 8 RT - <JJ pn+l(l + ) oL - o o. (12) 

O o o'='oL ªº O 

Then, the unknown concentrations c,
0
(L) and c,

0
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(13) 

where C, = & 0&, (A,,A0 )'
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_[_=_!_ di'l:'~ =_I_(di'l<pw + di'l<p, + di'l<p0 )=_!_+J__+J__ (!4) 
e z1 dQ f dQ dQ dQ e" e, c

0 
• 
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"'c;:,[(m + I)L-L

0
]1[2(m + I)(L-L

0
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2fQ / Co0 "',i;;,v
0 
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0 
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0 
+ L!)l[(L-L

0
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0 
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) "'(C,~~ +c;
1 +C~). 
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and z
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(3) imply that a,,a

0
?. exp( -2zJt:..: </>

00
) • At low salt concentrations, 

'Pow = -(1/2) Inª" "'[zJ(b.~' <1>; -t:..: </>)-In r;,,ol /2 and 'Poo = -(112) Inªº 
"'[z.f(l'l: <1>;-t:..: </>)+In r;,,

0
)/2 decrease linearly and !':>.<¡:>" "'f FcTV IC"º , 

l'l<p, "' f FcTV /e, and ll<po "'f FcTV / cºº increase linearly with increasing CT. 

For salt concentrations above the critica! value, e> e" , the average ionic 
concentrations are 

c10 "'r"'º(c-c")/(I + K"'º,."'º) e," "'Kw1oc1º and 
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Upon increasing the salt concentration, the solutions at r = O and r = L 
asymptotically approach local electroneutrality, i.e. ª " and a

0 
tend to 1, while 

z¡L~~· r/J saturates to its maximum value z1 t..~· r/J~ . The potential drops in the phases 
w and o decrease slowly with increasing cT but they cannot vanish. 

Solution of the linearized PBE in /amellar and micellar microemulsions. For 
surfac~ants with low relative permittivity E, and relatively large thickness L,, the 
potential drop !':ir/J, across the surfactant monolayer is the larger contribution to the 
distribution potential t..~· rp = rp(O)-rp(L) . Because of its larger relative 
permittivity, the potential drop in phase w is smaller (in magnitude) than in phase 
o, and they both are smaller than ó.r/J, . Thus, the r.h.s. of Eq. (7) can then be 
linearized to <pw + tanhfPow . Similarly, the r.h.s. of Eq. (10) can be linearized to 
<p0 +tanh<p00 when the potential drop in phase o is small. In the !amellar case (m = 
O), the potential is then approximately given by 

<p1 (;)=tanh¡p0/cosh,;
1
-l) (j=w, o) 

so that Eqs. (8) and ( 11) reduce to 

2/ QIC10 = tanh¡p0/;1
, sinh.;

1
, ) (j = w, o) 

and Eqs. (9) and (12) lead to 

(15) 

(16) 

where k = 1 ifj = w and k = 2 ifj =o. Using Eqs. (16) and (17), .; and rp can 
be determined from Q and ~: . The linearized PBE can only b~ used 

0

~hen 
ó.<p1 < 1 , which implies ; 1, ~ 1.32 in the case of maximum polarization, 
tanh 'Po1 "' l. 

In the micellar case (m = 2), the solution ofthe linearized PBE in phase w is 

<pe; )=tanhm (sinh,g"-IJ"'tanhm (1+.;'~J;,~ 
w w 't'Ow c;w 't'Ow 20 6 

and Eqs. (8) and (9) take the form to 

2/Q ( sinhq J ( ;:2 J;:2 --=tanhrp, coshq ---'-" "'tanhrp, 1+~ ~ 
CwO Ow ws c;ws Ow 10 3 

3 ""' 2;:2 

~~. =-----fe•· J=2d;= - ""' 
;w, (l+e-201¡. ) o ':>w ':>w - (l+e-201¡. )2 

(18) 

(19) 

(20) 

where the last approximation in Eq. (20) is valid when q"' < 1. Thus, the relation 
between Q and the potential drop in phase w is 
.t..(fJ" = (fJ"(q", ) "'fQ!(C"º +3/Q/10) . The condition l':i(fl" < 1 implies .;.,, s; 2.18 
m the case of maximum polarization of micelles, tanh 'Po"' "'1 ; this upper bound 
on .;"' increases with decreasing rp0"'. Similarly, the solution of the linearized PBE 
in phase o is 
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(21) 

The potential drop m phase o is Ó.(fJ
0 

= (fJJ q
0
,) with 

q
0

L ! q,,, = L ! L
0 

= [1 - (1- a>j13 r 1 In the re gime of maximum polarization, 
tanh<f1o

1 
"' I , Eqs. (21) and (22) lead to ó.(/J

0 
"' (l+a.;;,).;;, (3L - L0 )/6(L-L0 ) and 

2/ Qf Co0 "' (1 +b.;;x:,v
0 

/ A.,L
0 

, where a = (SL - L0 ) / 20(3L-L0 ) and 
b=(5L2 -5LL

0
+L!) l l0(3L2 - 3LL0 +L! ). The relation between Q and the 

potential drop in phase o is Ó.(fJ
0 

"' fQ /(C;0 +dfQ) where 
C~ / Co0 "" (V,, / A.,LJ3(L-L

0
) /(3L-L

0
) "' 1 and d = (b-a)6(L-L0 ) 1(3L - L0 ) 

"' 1/ 6. 

Exact solution of the PBE in /amellar microemulsions. It is known since the work 
of Verwey and Overbeek that the solution of the PBE in planar geometry may 
involve elliptic integrals [26]. The exact solution of Eqs. (7) and ( 1 O) in the 
!amellar case is 

<p
1
(;)=-21n[cd(u

1
ia) ] (j=w, o) 

and Eqs. (8) , (9), ( 11) and ( 12) take the form 

(23) 

fQ / C1 0 =(1-a)u
1
, sc(u

1
, ¡a) nd(u1, ¡a) (24) 

_ 
111

• du 
;;> 2u

1
,J 2 '¡ (k= 1 ifj= w, k=2ifj=o) (25) 

0 cd (u, a ) 

where u = q /[2(1 +a )]112 and u
1
, = K

1
L

1 
/[2(1 +a)]112 

u 2 = r 2 F 2 e (Ó) / 2~ E RT ~nd u 2 = (L - r)2 F 2 c2 (L) / 2&0& RT are independent w lw O w o o o 

of c
2
"(0) and c10 (L) , respectively . In Eqs. (23)-(25), cd(uia), sc(uia) and nd(uia) 

are Jacobi elliptic functions of argument u and parameter a. In the limit a~ O, 
they reduce to trigonometric functions , cd(uia) "' cos u, sc(uia) "' tan u and 
nd(uia) "" 1, and in the limit a~ 1 , they reduce to hyperbolic trigonometric 
functions , cd(uia) od-(l/2)(1-a)sinh2 u , sc(uia)"" sinhu, and nd(uia) "' 
cosh u. Due to the periodicity of the cd elliptic function, the following restriction 
applies u

1
, < K(a) , where K(a) is the complete elliptic integral ofthe first kind. 

This condition is satisfied if ,;,, < rr./ 2112 "'2.22 because K(a, ) is monotonously 
increasing function of a , with minimum value K(O) = rc/2. However, when 
,;,, > rr./2112 the condition K(a1 ) >u,, requires that a 1 > ª"''"" with 
u,,= K(a

1
,m;

0
) . Figure 2 shows that the solution ofthe linearize~ PBE, Eqs. (15)­

(17), may provide a good approximation to the exact solut10n for !amellar 
microemulsions; especially in the case of the counterion concentration and the 
potential drop. 
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Upon increasing the salt concentration, the solutions at r = O and r = L 
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<p0 +tanh<p00 when the potential drop in phase o is small. In the !amellar case (m = 
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be determined from Q and ~: . The linearized PBE can only b~ used 
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~hen 
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<pe; )=tanhm (sinh,g"-IJ"'tanhm (1+.;'~J;,~ 
w w 't'Ow c;w 't'Ow 20 6 

and Eqs. (8) and (9) take the form to 
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where the last approximation in Eq. (20) is valid when q"' < 1. Thus, the relation 
between Q and the potential drop in phase w is 
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(21) 

The potential drop m phase o is Ó.(fJ
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0
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involve elliptic integrals [26]. The exact solution of Eqs. (7) and ( 1 O) in the 
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and Eqs. (8) , (9), ( 11) and ( 12) take the form 

(23) 

fQ / C1 0 =(1-a)u
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are Jacobi elliptic functions of argument u and parameter a. In the limit a~ O, 
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applies u

1
, < K(a) , where K(a) is the complete elliptic integral ofthe first kind. 
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Figure 2. The thick sol id lines_ describe the dimensionless potential drop t><p
1

, charge JQ / C
10 

and counterion concentration ~Jg in phase j U = w, o) as a function of ~'' = K
1
L

1 
for different 

values of a (0.001 , 0.25, 0.50, 0.75, and 0.95 increasing in the arrow direction) in a lamellar 
microemuJs(on with <P, = O. 15 . The lower curve corresponds to the aqueous phase and the upper 
one to the organic phase. The thin salid lines correspond to the exact solution, Eqs. (23)-(25) and 
the dashed lines to the solution ofthe linearized PBE, Eqs. ( 15)-(17). 

The values of e and e that determine Q, e; and e, can be found by iteration 
imposing Eq. fo, Kw1:c20 (L)I ci.JO) = a,~2 

/ ;_~12 , and Eq. (3). An altemative 
iteration procedure consists of starting from a value of u and expressing u as 
a function of a and a using Eq. (!) as u =u L ;;¡2a 114 /(L K 112 

5
112a'{),). 

w o os ws ow w ww/oo o 

Then, Eq. (24) for j w is used as the definition of 
Q(aw)=C,"'(1-aw)uw, sc(uwslaw)nd(uwslaw)/ f , and the distribution potential 
is written as z¡fb.~'t/>= JQ(a,JIC, -2ln[cd(u,,,iaw)cd(u

0
, ia

0
)]. Next, aw and 

a 0 are determined from Eq. (3), zJó.~' r/J = zJó.~' t/J
00 

+(l/2)1n(awa
0

) , and Eq. (24) 
forj =o, Q(a,J = Co0(l-a0 )u°' sc(u05 ia

0
)nd(u

0
, iaJ / f. Finally, C.w and c,

0 
are 

determined from Eq. (25), ande from Eq. (4). 

The complexity of this exact solution makes convenient the analysis, in the next 
subsections, of two limiting cases which provide simple approximate solutions 
and can also be used to estímate an initial guess of the parameters a and a to 
be determined with the routine explained above. w 

0 

Solution of the PBE in /amellar microemulsions in the regime of maximum 
polarization. The solution of Eqs. (7) and ( 1 O) for lame llar geometry in the re gime 
of maximum polarization ( tanh rp01 ""1 and Q"" Q""'' =Fe v;.) is 

rp1 (q) = -2ln[cos(q
1 
/2112

)] (j = w, o) (26) 

where .;,, <n/2
112 

to avoid the divergence of b.rp
1

; the corresponding singularity 
in e,, is associated with the counterion condensation [24]. Equations (8) and (11) 
reduce to 

(27) 

For l,ow concentrations (i.e. low .;,, ), expansion of Eqs. (26) and (27) in powers 
of .;;, leads to 2b.rp1 ""(! + .;,',112)q:, and 2/ Q / c,0 ""(! + q

1

2,f 6)q}, . Hence, the 
potential drop in phase j can be expressed in terms of the charge as 
6.rp1 ""f Q /(C, 0 + f Q I 6) and the distribution potential is 
zJb.:r/J"" /Q[(C"º + f Q/6f

1 
+c,-1 +CCo0 + f Q/6f1

] For intermediate 
concentrations, the values of .;w, and .;

0
, must be found from the numerical 
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solution of Eq. (27). The distribution potential is then evaluated from Eq. (26) as 
zJb.: rp = JQ I C, - 21n[cos((,, /2112 )cos(q0,/ 2112

)]; and the values of a w and ~º 
from ª "ª º =exp[2(zJt:i.; tft-zJt:i.;r/Joc )l and the relat10n 
K ( t: L ¡ t: L)'s ¡ 5 =(a112 +a-112 ) /(a 112 +a-112), which follows from wlo'='osw '::iwso o w o o w w 

Eq. (!) and the definitions of .;, , . 

Gouy-Chapman solution of the PBE in /amellar microemulsions. At high 
concentrations, r; , >> 1 , the electrolyte solutions at r = O and r = L are 
approximately el~ctroneutral , 1-a, << l , and the dis~ri~ution pot~nti~l reac~es 
the macroscopic value t:i.~· rp = t:i.~· rp

00
, although Q may st1ll mcrease w1th mcreasmg 

c. The solution ofthe PBE 

rp/q) = 4arctanh[ tanh(b.rp, / 4)é-~,. J (28) 

Ieads then to the following relation between the potential drop in phase j and the 
charge 

f Q I c,0 = .;,, sinh(t:i.rp
1
I2). (29) 

Since e t: is independent of L and proportional to c'1
', but Q increases with e 

¡ O':> ¡s 1 • d d . h 
more slowly than c112 

, it tums out that the potential rop /',.<p
1 

ecreases w1t 
increasing e and Q. In other words, the differential capacitances of the aqueous 
and organic layers are negative. Note that, contrarily to the classical Gouy­
Chapman description, Q and /',.<p are determined here by the salt concentration 
and not extemally controlled by the electrode polarization. The charge Q is 
determined from the distribution potential as 

zJb.: r/Joo = JQ / e , + 2arcsinh(/ Q / c "Q.;w, ) + 2arcsinh(/ Q / coO.;os ). (30) 

The concentrations required to evaluate .; = K L from Eq. (6) can be estimated 
as e (O) "' e = K e (i

1

' 

1 

~ 1, 2) with 
fW ± w,oo w/o ±o,oo . 

cm(L)"' c±o.oo "' rw10 [c(c - c")]112 /(! + Kw10 r.,,10 ) ; note that the mass conservat10n, Eq. 
(4), cannot be used in this limit of r;,, >> 1. 

RESULTS 

The simulations presented below correspond to 300 K, the surfactant Tergitol-10 ( 
5 =3.0 , L, =2.14nm) and the organic solvent a,a,a-trifluorotoluene (TFT, 
s' = 9.3 ). For water, we have used &w = 78 . The two solvents have the same 
v~lume fraction rp = <1J • The PDS is lithium tetrakispentafluorophenyl borate 
ethyl etherate cLiTB: /',.:J;= 756.6 mV, b.:tf>~ = 616.7 mV, 1::i.;rp

00 
= 686.7 mV, and 

K = 14.97 ). For a surfactant volume fraction <P, = 0.15, the thicknesses of the 
aq~~ous and organic regions in a cell of a la~ellar microen:tulsion ~re 
L = L = 6.06nm . Figure 3 shows the concentrat10n and electnc potential 
pr~file; for e= !OrnM. Under these conditions, the distribution potential is b.: t/J 
= 570.0 m V and the charge separation is almost complete (i.e. QIFV = 4.118 mM 
is close to º""'' / FV = cT = 4.25 rnM ). The amount of hydrophobic anion that 
penetrates the aqueous phase is small but not ne_gligible, c2" = 0._307 rnM, and 
that of hydrophilic cation in the oil phase 1s a hundre~ times smalle.r, 
c;

0 
= 3.08 pM . Consequently, the deviations from electroneutrahty are stronger m 
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0
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0
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00 

+(l/2)1n(awa
0

) , and Eq. (24) 
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0
)nd(u

0
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0 
are 
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1 
/2112
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where .;,, <n/2
112 

to avoid the divergence of b.rp
1

; the corresponding singularity 
in e,, is associated with the counterion condensation [24]. Equations (8) and (11) 
reduce to 

(27) 

For l,ow concentrations (i.e. low .;,, ), expansion of Eqs. (26) and (27) in powers 
of .;;, leads to 2b.rp1 ""(! + .;,',112)q:, and 2/ Q / c,0 ""(! + q

1

2,f 6)q}, . Hence, the 
potential drop in phase j can be expressed in terms of the charge as 
6.rp1 ""f Q /(C, 0 + f Q I 6) and the distribution potential is 
zJb.:r/J"" /Q[(C"º + f Q/6f

1 
+c,-1 +CCo0 + f Q/6f1

] For intermediate 
concentrations, the values of .;w, and .;

0
, must be found from the numerical 
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pr~file; for e= !OrnM. Under these conditions, the distribution potential is b.: t/J 
= 570.0 m V and the charge separation is almost complete (i.e. QIFV = 4.118 mM 
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penetrates the aqueous phase is small but not ne_gligible, c2" = 0._307 rnM, and 
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the oil phase, a
0 

= c
10

(L) I c20 (L) = e-2""º = 0.0023 , than in the aqueous phase, 
aw = c2w(O) / c,w(O) =e-'"'· = 0.0515 , although very important in both phases. 
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Figure 3. Concentrations of u• and TB- ions (solid curves) and electric potential (dashed curve) 
distribution in a globally electroneutral cell of thickness L = 14.26 nm a !amellar waterlTergitol­
!OITFT microemulsion with <P, = 0.15 . The horizontal segments indicate the average ionic 
concentrations. The microemulsion is formed from e= 1 O mM LiTB aqueous solution. In order to 
achieve the distribution equilibrium most TS-ions transfer to the organic phase, c20 = 9.693 mM, 
and very few remain in the aqueous phase, c2w = 0.307 mM. On the contrary, most Li+ ions 
remain in the aqueous phase, c1w = 9.997 mM, and very few transfer to the organic phase, 
c10 = 3.08µM. A distribution potential of 570.0 m V is thus created. 
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Figure 4. Distribution potential (thick solid line) in a !amellar (a) and micellar microemulsions (b) 
as a function ofthe LiTB concentration. The distribution potential is the sum ofthe potential drops 
in the three phase (thin solid lines). The potential drop in the surfactant monolayer is the largest, 
while that in the aqueous phase is the smallest. The dashed lines indicate how the critica! 
concentration is defined. The horizontal line marks the macroscopic distribution potential. 

Figure 4 shows the distribution potential in a !amellar microemulsion as a function 
of the PDS concentration (referred to the total microemulsion volume) for 
<P, = 0.15 and </J" = </J

0 
The interfacial capacitances are 

Cwo I A= 2e0ew I L .. = 227.5 mF/m2 Co0 I A= e0e0 
I L

0 
= 27.12 mF/m' and 

C, I A= e0e, I L, = 12.39 mF/m2 
, so that C0 = (C,-:i, +c,- 1 +C~f'=8.20mF/m2 

• 

The dashed lines indicate the critica! concentration 
cTcr = C0z,Li~'rp., I FV = 4.09mM which marks the separation between the regions 
or' almost linear increase of the distribution potential with the total PDS 
concentration, cT < cT,cr , and saturation towards ti.: t/J., when cT > cT.cr . lt is 
remarkable that deviations from local electroneutrality in phase o at r = L persist 
well abo ve cr,cr . The estimated rate of variation of the distribution potential with 
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the salt concentration (referred to 
z/>.: t/J l cT ""FV IC0 =168mV/mM for </J, = 0.15 , 
67 m V /mM for <P, = 0.30 . 

the total volume) is 
113 m V /mM for <P, = 0.20 and 

Figure 5 shows the comparison between the exact solution of the PBE in !amellar 
microemulsions and its approximate solutions in the regions cT < cT,cr and 
cT >> cTcr. The distribution potential, separated charge and interfacial capacitance 
illustrate clearly the two electrical polarization regimes. Because of the gradual 
decline in microemulsion stability with increasing salt concentration, the 
theoretical results in Fig. 5. corresponding to very large concentrations, e>> e,, , 
might not be experimentally relevant but they clearly illustrate the two 
polarization regimes, which is an important result of the present study. The 
capacitance changes by less than 40% when the PDS concentration changes by 
over four orders of magnitude, because it is mainly determined by the surfactant 
monolayer. At low concentrations, the capacitance is c 0 = 8.20mF/m2 and at 
large concentrations it tends to e,= 12.4mF/m2

• Hence, the separated charged 
tends towards Q,, = C,z/~"~' t/J

00 
= 6.18FV , although reaching this limit would 

require unrealistically high concentrations. lt is noteworthy that the separated 
charge estimated from the approximations cT < cTcr and cT > cTcr practically 
match the exact values. The conclusion is that the sol~tion based on 'the Jacobi cd 
elliptic function is only required in a relatively small concentration range 
corresponding to the transition between the two polarization regimes. It is also 
remarkable that the solution obtained under the approximation a

1 
<< 1 when 

cT < cT,cr , predicts such accurate values of a
1 

. Observe that e," (O)"" e;" "'e and 
C2o (L)"" e,º "' r;,,oc in the limit CT---+ o , and hence Eq. (2) imposes that 
lima "'r 1 exp(- z, 'ti." "'º ) and lim a0 "'exp(-z.JLi: rp.; )1 r;,1o. 
ey.-¡.0 w \VO J' o'f'2 CT __,Q 

Figure 6 shows the average and local (at r =O and r = L) ionic concentrations as a 
function of the total concentration cT . When cT < cTcr the average concentration 
of minority ions practically vanishes, and when cT > cT,cr the average 
concentrations are C,w "'(ccr + Kw10r .. 10c)l(l + Kw1orw10 ) 

c10 "=rw10 (c-c,Jl(l+K"10 r;,10 ) e," <=K .. 10 C, 0 and 
c20 "'r"10 (c+ K"'ºr"10ccr)/(l + K"1ºr"10 ); Q = F(c," -c2w)lí';, ""Q" = Fccrlí';, for large 
CT. 
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remarkable that deviations from local electroneutrality in phase o at r = L persist 
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the total volume) is 
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capacitance changes by less than 40% when the PDS concentration changes by 
over four orders of magnitude, because it is mainly determined by the surfactant 
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Figure 5. Separated _charge, distribution potential and integral capacitance, cint '"QI t;.~v t/> in a 
!amellar m1croemuls1on as a :Unc!Ion ofthe LiTB concentration for rf>, = 0.15 and </Jw = <!J

0
. The 

dashed lmes are the approx1mate solut1ons of max.imum polarization (low concentrations) and 
Gouy-Chapman_ (h1_gh concen_tratmns). The parameters ªw and a

0
(< aw) estimated from the 

max1mum polanzat1on approx1mat1on are shown in the las! panel. 
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Figure 6. Average (salid lines)_ and local (al r =O and r = L, dashed Iines) ionic concentrations in a 
!amellar (a) and _m1cellar m1croemulsions (b) as a function of the LiTB concentration for 
<P, = 0.15 · The th1ck hnes correspond to the majority species (1 in phase w and 2 in phase o) and 
the thm_ ones lo the_ mmonty spec1es. The (average) concentrations are larger in the aqueous phase 
(blue lmes) than m the orgamc phase (green lines) because the LiTB water-TFT partition 
coeffic1ent is Kwlo = 14.97 . The vertical line indicates the critica! concentration e . 

T.cr 

CONCLUSIONS 

The distribution pote~tial in lamellar and water-in-oil microemulsions composed 
of t~e aqueo~s solution of a POS, an oil and a non-ionic surfactant has been 
stud1ed and 1ts dependence on the nature and concentration of the POS th 

ü . ' e 
sur actant concentrat1on, and the geometry of the emulsion microstructure has 
been explained. The theoretical model used is based on the uniform 
electroch~mical potentials of the ions throughout the microemulsion, the mass 
co~servat10n, an~ th~ gl?bal electroneutrality. The charge separation required to 
b~1ld up t_he d1stnbut1on potential depends on the characteristics of the 
m1croemuls1on and, pai:icularl~, on its interfacial capacitance. The comparison 
betwe~n the charge avail~b le . m .the. microemulsion and the charge required to 
estabhsh ~he macroscop1c d1stnbut10n potential ti.~· rfl~ determines a critical 
conc~ntr~t1on value cT"' that separates two regimes where the electrical 
polanzat10n of the microem~lsion has di'.ferent characteristics. The regime 
cT < c T,cr cannot be observed 1~ macroscop1c ITIES because cT,cr is extremely 
small for those systems. The d1fferent behaviour of electrified microemulsions 
and macroscopic ITIES is more evident for large surfactant volume fractions. For 
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low salt concentrations, cT < cT,cr , the solvation energy contribution dominates 
and the minimization of the microemulsion free energy is achieved by 
maximizing the charge separation. As confirmed experimentally [8] , the phases w 
and o contain then only counterions, even though this implies a very low 
microemulsion entropy. The distribution potential and the separated charged 
increase linearly with cT in this maximum polarization regime. For high 
concentrations, cT >ere, , the solutions asymptotically approach local 
electroneutrality at the 'points furthest from the interface, and the distribution 
potential saturates to its macroscopic value. The potential drops in the aqueous 
and organic phases decrease slowly with increasing cT , while the separated 
charge increases slowly. Approximate solutions ofthe PBE equation for these two 
electrical polarization regimes have been presented. It has been concluded that the 
exact solution based on Jacobi elliptic functions (in lamellar microemulsions) is 
only required in a relatively small concentration range corresponding to the 
transition between the two polarization regimes. Approximate solutions for 
micellar electrified microemulsions have also been derived and compared to exact 
numerical results. 
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Figure 6. Average (salid lines)_ and local (al r =O and r = L, dashed Iines) ionic concentrations in a 
!amellar (a) and _m1cellar m1croemulsions (b) as a function of the LiTB concentration for 
<P, = 0.15 · The th1ck hnes correspond to the majority species (1 in phase w and 2 in phase o) and 
the thm_ ones lo the_ mmonty spec1es. The (average) concentrations are larger in the aqueous phase 
(blue lmes) than m the orgamc phase (green lines) because the LiTB water-TFT partition 
coeffic1ent is Kwlo = 14.97 . The vertical line indicates the critica! concentration e . 

T.cr 

CONCLUSIONS 

The distribution pote~tial in lamellar and water-in-oil microemulsions composed 
of t~e aqueo~s solution of a POS, an oil and a non-ionic surfactant has been 
stud1ed and 1ts dependence on the nature and concentration of the POS th 

ü . ' e 
sur actant concentrat1on, and the geometry of the emulsion microstructure has 
been explained. The theoretical model used is based on the uniform 
electroch~mical potentials of the ions throughout the microemulsion, the mass 
co~servat10n, an~ th~ gl?bal electroneutrality. The charge separation required to 
b~1ld up t_he d1stnbut1on potential depends on the characteristics of the 
m1croemuls1on and, pai:icularl~, on its interfacial capacitance. The comparison 
betwe~n the charge avail~b le . m .the. microemulsion and the charge required to 
estabhsh ~he macroscop1c d1stnbut10n potential ti.~· rfl~ determines a critical 
conc~ntr~t1on value cT"' that separates two regimes where the electrical 
polanzat10n of the microem~lsion has di'.ferent characteristics. The regime 
cT < c T,cr cannot be observed 1~ macroscop1c ITIES because cT,cr is extremely 
small for those systems. The d1fferent behaviour of electrified microemulsions 
and macroscopic ITIES is more evident for large surfactant volume fractions. For 
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low salt concentrations, cT < cT,cr , the solvation energy contribution dominates 
and the minimization of the microemulsion free energy is achieved by 
maximizing the charge separation. As confirmed experimentally [8] , the phases w 
and o contain then only counterions, even though this implies a very low 
microemulsion entropy. The distribution potential and the separated charged 
increase linearly with cT in this maximum polarization regime. For high 
concentrations, cT >ere, , the solutions asymptotically approach local 
electroneutrality at the 'points furthest from the interface, and the distribution 
potential saturates to its macroscopic value. The potential drops in the aqueous 
and organic phases decrease slowly with increasing cT , while the separated 
charge increases slowly. Approximate solutions ofthe PBE equation for these two 
electrical polarization regimes have been presented. It has been concluded that the 
exact solution based on Jacobi elliptic functions (in lamellar microemulsions) is 
only required in a relatively small concentration range corresponding to the 
transition between the two polarization regimes. Approximate solutions for 
micellar electrified microemulsions have also been derived and compared to exact 
numerical results. 
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INTRODUCCIÓN 

Los mataderos de cerdo ibérico constituyen una de las actividades económicas 
más importantes de Extremadura, y generan grandes cantidades de residuos 
orgánicos húmedos altamente contaminantes, que deben gestionarse de una 
manera ambientalmente correcta. Actualmente, los residuos sólidos de matadero 
son tratados por empresas especializadas que cobran al matadero por su recogida 
y eliminación, el tratamiento consiste en reducir el tamaño de partículas y en 
elevar su temperatura por encima de 100 ºC durante cierto periodo de tiempo. Este 
tratamiento es efectivo pero consume mucha energía, por tanto sería aconsejable 
encontrar otro tipo de tratamiento que pueda reducir los costes. Esta situación 
unida al incremento paulatino del precio de la electricidad está reduciendo la 
competitividad de estas empresas. 

Consideramos que la digestión anaerobia ofrece una solución a ambos 
problemas: i) la búsqueda de nuevas fuentes de energía y ii) la reducción de la 
contaminación potencial de la actividad industrial. Además, tiene la ventaja de ser 
fácilmente gestionable, el biogás se puede almacenar con seguridad y utilizar 
cuando se necesita, por lo que esta tecnología tiene un enorme potencial para su 
uso combinado con energía solar fotovoltaica, y así permitir la autosuficiencia 
energética de la industria agroalimentaria. 

En este trabajo se presentan los resultados obtenidos mediante el análisis 
detallado de las necesidades energéticas del matadero de cerdo ibérico Jamón y 
Salud que se encuentra en Llerena, Badajoz, y se propone una solución integral 
que implica la instalación de una planta de digestión anaerobia, diseñada para 
tratar el volumen de residuos generados anualmente por esta empresa y 
transformarlos en energía útil (biogás ), y una instalación solar fotovoltaica, de 
forma que juntas cubren por completo las necesidades energéticas del matadero. 
Finalmente, se analiza la viabilidad económica del proyecto. 
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