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a b s t r a c t

In this paper, we present the general equations for a model that describes ion transfer reactions across the
oil|water interface assisted by a ligand, under forced hydrodynamic conditions. Our analysis is mainly
focused on the effect of mechanical stirring of the aqueous or organic phase during the potential sweep,
and its influence on the limiting diffusion currents. The model was solved numerically using explicit
finite difference; the results of digital simulations are obtained for simple and facilitated ion transfer.
The corresponding transfer mechanism was analyzed in terms of the current–potential profiles, concen-
tration profiles and interfacial distributions, obtained from digital simulations.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electrochemical study of ion transfer at the interface be-
tween two immiscible electrolyte solutions (ITIES) has allowed
determination of relevant thermodynamic and transport parame-
ters, provided that the processes measured are limited by mass
diffusion. For the study of kinetic parameters and mechanistic
information, the mass transfer rate must be increased. Different
experimental approaches have been employed in order to obtain
a high mass-transport rate [1,2]. The imposition of a convective
flow to increase the mass-transport has also been reported. An
electrolyte dropping electrode, analogous to the dropping mercury
electrode, has been developed by polarization of the ITIES [3,4].
Other hydrodynamic liquid|liquid cells based on the wall–jet elec-
trode configuration [5] and flow-injection have also been reported
[6,7]. Organic gels have been used to stabilize the ITIES in flow [8]
and to channel configuration experiments [9,10]. Numerical simu-
lations of ion transfer across ITIES under hydrodynamic conditions
in the channel configuration experiments were developed by Jones
and Dryfe [11]. An alternative approach to the study of liquid|li-
quid extraction processes involves the rotating diffusion cell
(RDC), introduced by Albery and co-workers [12–14] and modified
by Manzanares et al. [15] and Kralj and Dryfe [16] to study the sim-
ple and facilitated ion transfer reactions by external polarization.

Manzanares et al. [15] have employed an RDC to determine the
rate constant of ion transfer kinetics across the thin supported li-
quid membrane (SLM) between two aqueous phases. Tetrabutyl-
ammonium tetrakis-(4-fluorophenyl)-borate, dissolved in 2-
nitrophenyl-octylether (NPOE) and used as the organic electrolyte
solution supported in a porous membrane (SLM), was put in con-
tact with the aqueous electrolyte. These authors showed that some
experimental limitations made the rotating diffusion cell only
suitable for the determination of a limited range of standard rate
constant values. Moreover, this method requires an accurate
evaluation of the different contributions to ion permeability.

Hydrodynamic voltammetry was also reported at ITIES, using
an RDC configuration. The voltammetry arises from laminar flow,
induced in the organic and aqueous phases of the ITIES, separately.
The ITIES has been stabilized by a polyester track-etched mem-
brane material. This methodology has been used to determine
reaction mechanisms and kinetic parameters for reactions involv-
ing liquid|liquid interfaces [16]. Then, this alternative procedure
was extended to the study of facilitated transfer of sodium by di-
benzo-18-crown-6 (DB18C6) across the water|1,2-dichloroethane
interface [17]. Finally, Fujii et al. [18] performed measurements
of ion transfer reaction at a rotating liquid membrane disk elec-
trode (LMDE) and a rotating liquid membrane ring-liquid mem-
brane disk electrode (LMRE-LMDE). These authors have evaluated
the ion transfer kinetics and the analytical applications of these
methodologies.

Micro liquid|liquid interfaces are useful to study ion transfer
reactions because the diffusion fields are controlled by the geometry
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of the system and because the ohmic potential drop is minimized.
These are small-sized interfaces, with low charging current and high
mass-transfer rate necessary for fast kinetic measurements. About
30 years ago, Taylor and Girault [19] and Senda and co-workers
[20] introduced micrometer-sized liquid|liquid interface (l-ITIES)
supported at the tip of a glass micro-pipette or within a micro-hole
made in a thin membrane (supporting film) using the ablation laser
technique [21].

l-ITIES supported at the tip of a micro-pipette can be used to
provide spherical diffusion patterns similar to those observed at
solid ultra-microelectrodes. This enhanced mass transport pro-
duces a steady-state current when the transferring species enters
the pipette, whereas classical linear diffusion behavior is observed
when the ion exits the pipette. Ion transfer reactions at the micro-
pipette are characterized by an asymmetric diffusion regime. The
transfer of ions from the micro-pipette to the interface (egress
transfer) is controlled by linear diffusion, whereas the transport
of ions from outside the pipette to the surface (ingress transfer)
is controlled by a cylindrical diffusion field. These two different
processes can be easily distinguished during cyclic voltammetric
experiments, as the egress and ingress transfers lead to a peak-
shaped current response and to a steady-state current respectively
[22,23].

On the other hand, Wilke et al. [24] have proposed an alter-
native methodology consisting in alternately stirring the aqueous
or organic phase during the potential sweep to elucidate ion
transfer mechanisms across ITIES. The advantages and possibili-
ties of controlling the convective flux of species towards the
interface in either the organic or aqueous phase were analyzed
using two well-known transfer processes: the simple transfer
of tetraethylammonium (TEA+) and the facilitated transfer of K+

assisted by DB18C6. In this experimental setup, the convective
flux in one phase produced an asymmetry of the diffusion field,
that is, a selective decrease in the thickness of the diffusion layer
on one side of the interface. This allows distinguishing the direc-
tion of the ion transfer. This methodology has been previously
used to elucidate the mechanism of the electrochemical transfer
of a hydrophilic arenediazonium ion (Fast Red TR) followed by
the azo-coupling reaction in the organic phase with 1-naphthyl-
amine, a lipophilic reactant [25]. Lately, we have employed this
methodology in order to determine the predominant transfer
mechanism of several compounds belonging to tetracyclines
[26] or tylosin A [27], and its correspondingly acid-degraded
products.

In this work, we present the general equations for a model
that describes ion transfer reactions across the oil|water inter-
face assisted by a neutral ligand, under forced hydrodynamic
conditions. Analysis is mainly focused on the effect of mechani-
cal stirring of the aqueous or organic phase during the potential
sweep, and its influence on the limiting diffusion currents. The
model was solved numerically using explicit finite difference
and the results of digital simulations were obtained for simple
and facilitated ion transfer. The transfer mechanism was ana-
lyzed in terms of the current–potential profiles, concentration
profiles and interfacial distributions, obtained from digital
simulations.

1.1. Theory

In order to derive the current–potential equation using simula-
tion for the transfer of Mz+ assisted by a neutral ligand (L), where
the ion can be complexed by s-ligands in organic (o) and aqueous
(w) phases, the following assumptions are made:

(a) The interface between the aqueous and the organic phase is
stationary and planar.

(b) Both phases are considered large enough to ensure that the
transport of ions through the interface satisfies the semi-
infinite condition.

(c) Both phases contain enough inert electrolytes so that migra-
tion of the transferring ion can be neglected.

(d) As the rates of the complex formation and dissociation pro-
cesses are sufficiently large in comparison with the corre-
sponding mass transport rates, complex formation and
dissociation are at equilibrium even when current is flowing.

(e) Transfer of all charged species through the interface is
reversible. Mass transport occurs in the x coordinate, normal
to the interface defined at x = 0.

(f) The mass transport caused by forced hydrodynamic condi-
tions is incorporated as a mono-dimensional linear velocity
normal to the interface.

(g) The partition coefficient of the neutral species L, KD,L, does
not depend on the applied potential.

(h) All the charged species are perturbed by the potential
applied to the interface and depend on the Nernst equation
[28].

(i) Although the activity coefficients are functions of the com-
position of the solution phase, we neglect the concentration
dependence of the activity coefficients for simplicity. All
activity coefficients are equal to one.

The complex formation equilibria are the following:

MzþðaÞ þ LðaÞ¢ MLzþðaÞ
MLzþðaÞ þ LðaÞ¢ MLzþ

2 ðaÞ
� � �
� � �

MLzþ
s�1ðaÞ þ LðaÞ¢ MLzþ

s ðaÞ

and the 1:s complex formation constant in the a-phase is defined
by:

Ka
MLzþ

s
¼

ca
MLzþ

s

ca
MLz
ðs�1Þ

ca
L

ð1Þ

where a = organic phase (o) or aqueous phase (w) with and
s ¼ 1 . . . n0, and s ¼ 1 . . . n respectively.

The partition coefficient for the neutral species L is defined by:

KD;L ¼
co

L

cw
L

ð2Þ

The reversible transfer of ion Mz+ across the interface between
an organic and an aqueous phase is represented by the following
equilibrium:

MzþðwÞ¢ MzþðoÞ ðR1Þ

The distribution of charged species at the interface is defined by
the following Nernst equations:

co
species

cw
species

¼ hspecies½SkðtÞ�z ð3Þ

where

hspecies ¼ exp
zF
RT

Dw
o /init � Dw

o /o0
species

� �� �
ð4Þ

Dw
o /init being the applied potential difference at t = 0; Dw

o /o0
species the

formal potential of each charged species; and

SkðtÞ ¼
expðrtÞ 0 6 t 6 k

exp½rð2k� tÞ� t > k

�
ð5Þ
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being r ¼ Fv
RT, v is a sweep rate, the switching time k ¼ tc

2 where tc is
the total time of the experiment, F the Faraday constant, T the abso-
lute temperature and R the gas constant.

To simulate a voltammogram for a reversible charge transfer
under forced hydrodynamic conditions, or controlled stirring, it is
necessary to describe the transport of species toward the interface
using the following one-dimensional equation:

@ca
speciesðx; tÞ
@t

¼ Da
species

@2ca
speciesðx; tÞ
@x2 � va

x

@ca
speciesðx; tÞ
@x

ð6Þ

where x is the position in the direction normal to the interface,
which is located at x = 0. Da

species is the diffusion coefficient for a-
phase for each species L, Mzþ, MLzþ

s and va
x is the convection velocity

of the a-phase, i.e. the rate at which a volume element moves in
solution and is responsible for the flow of species from and toward
the interface. In the proximity of the rotating-disk electrode, a con-
vective velocity, va

x , independent of the distance, is not a realistic
approximation especially for high convective velocities [29,30]. Le-
vich [29] solved the Navier–Stokes and continuity equations for the
convective diffusion to the surface of a rotating-disk electrode and
developed the solution of the axial velocity component, va

x , as a
function of the distance to the electrode. It shows that at long dis-
tances from the rotating-disk electrode, the axial velocity compo-
nent reaches a constant value equal to 0:88447�

ffiffiffiffiffiffiffiffi
vx
p

, where v is
the kinematic viscosity and x is the angular velocity of rotation.
In the model worked out in this section, the studied electrochemical
interface (liquid|liquid interface) is at long distance from the rotat-
ing stirrer, which produces forced hydrodynamic conditions. The
hydrodynamic conditions produced by the rotating stirrer are com-
parable to those of the rotating-disk electrode proposed by Levich
[29] at long distance. Therefore, our model assumption that the con-
vective velocity, va

x , does not depend on the distance in the proxim-
ity of the liquid|liquid interface is a good approximation.
Additionally, the present model is developed for low convective
velocities. Taking into account that experimental va

x values range
between 5 � 10�4 cm s�1 (natural convection) and 2 � 10�2 cm s�1

(rotating-disk electrode at x = 10,000 rpm) [31], we have employed
an appropriate interval of va

x values in order to ensure a correct
physical representation of mass transport phenomena.

According to the boundary conditions, the fluxes of species
across the interface (x ¼ 0) are expressed by:

Dw
Mzþ

@cw
Mzþ ð0; tÞ
@x

þ
Xn

s¼1

Dw
MLzþ

s

@cw
MLzþ

s
ð0; tÞ

@x

¼ Do
Mzþ

@co
Mzþ ð0; tÞ
@x

þ
Xn0

s¼1

Do
MLzþ

s

@co
MLzþ

s
ð0; tÞ

@x
ð7Þ

Dw
L
@cw

L ð0; tÞ
@x

þ
Xn

s¼1

sDw
MLzþ

s

@cw
MLzþ

s
ð0; tÞ

@x

¼ Do
L
@co

Lð0; tÞ
@x

þ
Xn0

s¼1

sDo
MLzþ

s

@co
MLzþ

s
ð0; tÞ

@x
ð8Þ

The initial concentration of all species, in all boxes in each a-phase,
may be calculated at t ¼ 0, where Skð0Þ ¼ 1, as a function of the total
initial concentration of cation (cinit

MXz ;w) and the total initial concen-
tration of ligand (cinit

L;o ) introduced into the system [32–34]:

cinit
MXz ;w ¼ cw

Mzþ ðx;0Þ þ
Pn
s¼1

cw
MLzþ

s
ðx; 0Þ þ rðco

Mzþ ðx;0Þ þ
Pn’

s¼1
co

MLzþ
s
ðx;0ÞÞ

rcinit
L;o ¼ cw

L ðx;0Þ þ
Pn
s¼1

scw
MLzþ

s
ðx;0Þ þ rðco

Lðx; 0Þ þ
Pn’

s¼1
sco

MLzþ
s
ðx;0ÞÞ

8>>><
>>>:

ð9Þ

where r ¼ Vo
Vw

, since Vo and Vw are the organic and aqueous phase
volumes respectively. Rewriting the system of equations (Eq. (9))
as a function of cw

Mzþ ðx;0Þ and cw
L ðx;0Þ, and considering that the

initial potential value is fixed at the distribution potential, Dw
o /eq,

the following equations are obtained:

cinit
MXz ;w¼ cw

Mzþ ðx;0Þ 1þ rhMzþ ;eq

� 	
þcw

Mzþ ðx;0Þ
Pn
s¼1

Qs
i¼1

Kw
MLzþ

i


 �
cw

L ðx;0Þ
� 	sþ

rcw
Mzþ ðx;0Þ

Pn0
s¼1

Qs
i¼1

K0
MLzþ

i


 �
hMzþ ;eqðKD;LÞs cw

L ðx;0Þ
� 	s

rcinit
L;o ¼ cW

L ðx;0Þ 1þ rKD;L½ �þcw
Mzþ ðx;0Þ

Pn
s¼1

s
Qs
i¼1

Kw
MLzþ

i


 �
cw

L ðx;0Þ
� 	sþ

rcw
Mzþ ðx;0Þ

Pn0
s¼1

s
Qs
i¼1

K0
MLzþ

i


 �
hMzþ ;eqðKD;LÞs½cw

L ðx;0Þ�
s

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð10Þ

where hMzþ ;eq ¼ exp zF
RT Dw

o /eq � Dw
o /o0

Mzþ

� �h i
(with Dw

o /ini ¼ Dw
o /eq in

eq. (4)). The calculation of the distribution potential for this system
is developed in Appendix A [35–38].

Other boundary conditions are the following:

at x!1 cw
speciesðx; tÞ ¼ cw

speciesðx;0Þ ð11Þ
and

at x! �1 co
speciesðx; tÞ ¼ co

speciesðx;0Þ ð12Þ

To solve this system, we employed the explicit finite-difference
method for time and distance [39–43].

In addition, the aqueous and the organic phases are divided into
boxes with the distance increasing positively from the interface to
the bulk of aqueous phase. The net flux at each boundary box, for
every species, defines the change in the number of mole inside the
box at each time interval.

Taking into account that mass transport may occur by diffusion
and convection, it is necessary to select the optimal time and space
intervals for each simulated condition. Therefore, time and space
were divided into subintervals defined as follows:

Dt ¼min 2Da
max

Pe
va

x;max

 !2

; dtdiffusional
converg

2
4

3
5 ð13Þ

and

Dx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Da

max

DM
Dt

s
ð14Þ

Pe being Péclet number; Da
max and va

x;max are the highest values of the
diffusion coefficients and convection velocity, respectively. DM is
the model diffusion coefficient, whose optimized value is 0.45 to
ensure that the mean free path of particles in the system does not
exceed Dx. To compute the values of time discretization, Dt, a min-
imum value between the following approaches is considered:

Dt ¼ 2Da
max

Pe
va

x;max

� �2
, with Pe ¼ 0:01, or Dt ¼ dtdiffusional

converg ¼ 1� 10�5 s.

This type of discretization guarantees convergence of the current–
potential profiles obtained in this work.

For each time interval, the main global process can be divided
into three different simultaneous steps: interfacial transfer of ions,
mass transport including diffusion and convection, and chemical
reactions.

Applying the explicit finite-difference method to Eqs. (7) and (8)
the following expression is obtained:
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0¼ cw
Mzþ ð0;kÞfDw

Mzþ þD0
Mzþ skðtÞ½ �zgþ cw

Mzþ ð0;kÞ
Pn
s¼1

Dw
MLzþ

s

Qs
i¼1

K0
MLzþ

i


 �
cw

L ð0;kÞ
� 	sþ

cw
Mzþ ð0;kÞ

Pn0
s¼1

D0
MLzþ

s

Qs
i¼1

K0
MLzþ

i


 �
hMzþ ½skðtÞ�zðKD;LÞs½cw

L ð0;kÞ�
s�

Dw
Mzþ cw

Mzþ ð1;kÞ�D0
Mzþ c0

Mzþ ð1;kÞ�
Pn
s¼1

Dw
MLzþ

s
cw

MLzþ
s
ð1;kÞ�

Pn0
s¼1

D0
MLzþ

s
c0

MLzþ
s
ð1;kÞ

0¼ cw
L ð0;kÞ½D

w
L þD0

L KD;L�þ cw
Mzþ ð0;kÞ

Pn
s¼1

sDw
MLzþ

s

Qs
i¼1

K0
MLzþ

i


 �
½cw

L ð0;kÞ�
sþ

cw
Mzþ ð0;kÞ

Pn0
s¼1

sD0
MLzþ

s

Qs
i¼1

K0
MLzþ

i


 �
hMzþ ½skðtÞ�zðKD;LÞs½cw

L ð0;kÞ�
s�

Dw
L cw

L ð1;kÞ�D0
L c0

Lð1;kÞ�
Pn
s¼1

sDw
MLzþ

s
cw

MLzþ
s
ð1;kÞ�

Pn0
s¼1

sD0
MLzþ

s
c0

MLzþ
s
ð1;kÞ

8>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð15Þ

where ca
speciesð0; kÞ and ca

speciesð1; kÞ represent the concentration of
species in the interface and in the first box in a-phase, respectively,
k being the time step counter.

The mass transport equations for all species in the aqueous and
organic phases (Eq. (6)) may be converted to the finite difference
form shown below:

ca
speciesð1;kþ1Þ�ca

speciesð1;kÞ¼
Da

speciesDt

ðDxÞ2
ca

speciesð2;kÞ�3ca
speciesð1;kÞþ2ca

speciesð0;kÞ
h i

�va
x Dt
Dx

ca
speciesð2;kÞ�ca

speciesð1;kÞ
h i

ð16Þ

for j ¼ 1 and

ca
speciesðj;kþ1Þ� ca

speciesðj;kÞ ¼
Da

speciesDt

ðDxÞ2
ca

speciesðjþ1;kÞ�2ca
speciesðj;kÞþ ca

speciesðj�1;kÞ
h i

�va
x Dt
Dx

ca
speciesðjþ1;kÞ� ca

speciesðj;kÞ
h i

ð17Þ

for j P 2, j being the space step counter.
With this expression the concentrations of each species in each

phase may be obtained for j-box as the result of the mass transport,
taking into account the diffusion and convection. Although the
mass transport is coupled with homogeneous complex equilibria
in both phases, to solve the model we considered these processes
uncoupled. These equilibria are solved considering each volume
element independently [33,34].

In both phases, the mass balance for the ligand and the cation
can be defined as follows:

ca
Mzþ ;box ¼ ca

Mzþ ðj; kÞ þ
Pn or n0

s¼1
ca

MLzþ
s
ðj; kÞ

ca
L;box ¼ ca

L ðj; kÞ þ
Pn or n0

s¼1
sca

MLzþ
s
ðj; kÞ

8>>>><
>>>>:

ð18Þ

where ca
species;boxðj; kÞ is the total species concentration in the j-box in

the a-phase.
Rewriting the system of equations (eq. (18)) as a function of

ca
Mzþ ðj; kÞ and ca

L ðj; kÞ, the following equations are obtained:

ca
Mzþ ;box ¼ ca

Mzþ ðj; kÞ þ ca
Mzþ ðj; kÞ

Pn or n0

s¼1

Qs
i¼1

Ka
MLzþ

i


 �
ca

L ðj; kÞ
� 	s

ca
L;box ¼ ca

L ðj; kÞ þ ca
Mzþ ðj; kÞ

Pn or n0

s¼1
s
Qs
i¼1

Ka
MLzþ

i


 �
ca

L ðj; kÞ
� 	s

8>>><
>>>:

ð19Þ

A modification of the Powell hybrid method [44–46] was used
to find the roots of all equation systems (Eqs. (10), (15), and (19)).

Once interfacial concentrations have been calculated for each
species, the total current can be computed as in Eq. (20):

IðtÞ ¼ zFA
0:5Dx

"
Da

Mzþ ca
Mzþ ð1; tÞ � ca

Mzþ ð0; tÞ
� 


þ
Xn or n0

s¼1

Da
MLzþ

s
ca

MLzþ
s
ð1; tÞ � ca

MLzþ
s
ð0; tÞ

� �#
ð20Þ

2. Results and discussion

The results are presented in two subsections according to the
model developed in Section 1.1 for a general system. Section 2.1
shows results obtained for simple ion transfer and Section 2.2 is
devoted to the analysis of the different facilitated ion transfer
mechanisms. Selected systems with varying degrees of complexity
are discussed, starting with the simple ion transfer.

The following parameters are fixed for all the simulations pres-
ent in this section:

T = 298.15 K, F = 96,485 C mol�1, R = 8.314 J K�1 mol�1, v =

0.050 V s�1; Dw
species ¼ 1:0� 10�5 cm2 s�1; n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Do

species=Dw
species

q
¼

1:12 for the H2O|1,2-DCE system [47] and A = 1.0 cm2.

2.1. Simple transfer of Mþ across a liquid|liquid interface

The model presented allows simulating several different sys-
tems. In the first place, we analyze the simple ion transfer across
a liquid|liquid interface.

Fig. 1. Voltammograms at different forced hydrodynamic conditions for the simple
transfer of Mþ . Without convection (1), with va

x ¼ 1� 10�3 cm s�1 (2), va
x ¼ 3�

10�3 cm s�1 (3) and va
x ¼ 7� 10�3 cm s�1 (4) with a ¼ o in panel (a) and with a = w

in panel (b). Simulation parameters:Dw
o /o0

Mþ ¼ 0:20 V and cinit
MX;w ¼ 1� 10�3 M.
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This simple system is useful to show how the application of
forced hydrodynamic conditions at a particular phase allows mod-
ifying diffusion-controlled voltammograms, concentrations pro-
files and interfacial ion distributions.

Considering a monovalent cation (z ¼ 1) which does not form
complexes in the organic or aqueous phase (n ¼ n0 ¼ 0), the simple
ion transfer can be represented by:

MþðwÞ¢ MþðoÞ ð25Þ

First, we analyze the effect of forced hydrodynamic conditions
on the current–potential profiles while only the organic or the
aqueous phases are alternately stirred. Fig. 1a shows voltammo-
grams obtained while only the organic phase is stirred, in compar-
ison with voltammograms obtained with both phases in quiescent
conditions. When the convective velocity in the organic phase, vo

x ,
is increased, a progressive decrease in the peak current value dur-
ing the backward sweep is observed. This behavior is due to the
fact that M+ transferred to the organic phase is removed from the
proximity of interface by convection. Consequently its concentra-
tion gradient decreases and the current also diminishes. It is
important to note that the free energy of the charge transfer pro-
cess is favoured when the convective velocity is increased, there-
fore in the forward sweep the peak current occurs at lower
potential values. On the other hand, when only the aqueous phase
is stirred (Fig. 1b), the positive (Iþpeak) and negative peak current
(I�peak) values show important changes associated with convective
velocity. Comparing this signal with the electrochemical response
obtained for unstirred solution, a stationary current in the forward
sweep and a higher peak current in the backward sweep are ob-
served. The rate of mass transfer of the ion present in the aqueous
phase is enhanced with stirring and a limiting current is reached if
vw

x is higher enough. The shape of the backward current–potential
profile is diffusion-like, but as the amount of substance transferred
to the organic phase is higher, I�peak is larger.

Other important information that can be obtained by digital
simulations relates to concentration profiles at, or near to, the inter-
face at a fixed potential value. The effect of the convective velocity
on the charge transfer process can be explained using these profiles.

Fig. 2 shows the concentration profiles of M+ as function of the
distance to the interface at two different fixed potential values. In
Fig. 2a and b the selected potential value corresponds to the
switching time. In the first case, when ions are transferred from
the aqueous to the organic phase, while the last one is stirred
(Fig. 2a), a decrease in the organic M+ concentration profile is ob-
served whereas the aqueous M+ concentration profile remains un-
changed. These results describe that the transferred ions are
removed from the organic side of the interface to the bulk of the
organic phase. Digital simulation results obtained when the aque-
ous phase is stirred (Fig. 2b) reveal that the aqueous diffusion layer
thickness decreases and the interfacial concentration of Mþ in the
organic side of the interfacial region increases, i.e. co

Mþ ð0; tÞ > cinit
MXz ;w.

In Fig. 2c and d, concentration profiles at a selected potential value
on the backward scan, Dw

o / ¼ 0:20 V, are shown. If the organic
phase is stirred, a decrease in both concentration profiles is found
(Fig. 2c), while a notable accumulation of M+ in the organic phase
near the interface occurs as a consequence of the convection ap-
plied to the aqueous phase (Fig. 2d).

Another tool provided by digital simulation involves the interfa-
cial distributions in the aqueous and organic side of the interface
during the whole potential sweep. Fig. 3a shows the interfacial dis-
tribution of M+ for quiescent and organic stirred solutions. For qui-
escent solutions, the interfacial concentration of Mþ in the aqueous
side, at the beginning of the potential sweep, is equal to the analyt-
ical concentration. According to the direction of potential sweep
and the transfer ions, the concentration of Mþ in the organic side
increases but cannot equal the analytical concentration because
the ions are transported from the interface to the bulk of the organic
phase faster than in the aqueous phase. When the organic phase is

Fig. 2. Concentration profiles as a function of the distance to the liquid|liquid interface (x = 0) at two different potential values: Dw
o / ¼ 0:45 V (a) and (b), and Dw

o / ¼ 0:20V (at

the backward potential sweep) (c) and (d). Normalized concentrations of M+ in the organic phase f o
Mþ ¼ co

Mþ cinit
MX;w

� ��1

 �

and Mþ aqueous phase f w
Mþ ¼ cw

Mþ cinit
MX;w

� ��1

 �

.

Without convection: f o
Mþ (1) and f w

Mþ (2) and with forced hydrodynamic conditions (va
x ¼ 3� 10�3 cm s�1 with a ¼ o in panels (a) and (c) and with a ¼ w in panels (b) and (d)):

f o
Mþ (3) and f w

Mþ (4). Other simulation parameters as in Fig. 1.
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stirred, the interfacial concentration of Mþ in the organic side
reaches a maximum value in the forward potential sweep which
is lower than the maximum which corresponds to the quiescent
solutions. This behavior is due to the difference between the ion ar-
rival rate by the transfer process, and the ion removal rate by the
stirring of the phase. As this difference is negative, the interfacial
concentration of Mþ has a value lower than that for the process
without forced hydrodynamic conditions. In the forward potential
sweep, the interfacial concentration of Mþ in the aqueous side
shows a decrease at lower potential values than for unstirred solu-
tions. This is because the convection in the organic phase forces a
removal of ions from the organic side of the interface, promoting
the transfer of more ions. Therefore, for the organic stirred solu-
tions in the backward potential sweep, the interfacial concentra-
tion of Mþ in the organic side decreases monotonously, while the
interfacial concentration of Mþ in the aqueous side increases but
never reaches the analytical concentration. Generally, convection
is responsible for distributing ions from the interface to the bulk
of the phases. Thus, it is not possible to recover all the charge
transferred species in the forward potential sweep. Fig. 3b shows
the distribution profiles when aqueous phase is stirred. In the for-
ward potential sweep the interfacial concentration of Mþ in the
aqueous side decreases at higher potential values than for un-
stirred solutions. Furthermore, the interfacial concentration of
Mþ in the organic side increases to reach a maximum that exceeds
the bulk concentration of M+ in aqueous solution. This occurs due
to Mþ transfer to organic phase is accumulated near the interface,

because the mass transport in the organic phase is diffusion-con-
trolled. The increase in the ion interfacial concentration continues
in the backward potential sweep to reach a maximum (around
0.25 V), and from this potential value, the Mþ concentration in
the organic side decreases with a marked slope and, concomitantly,
the cation concentration in the aqueous side increases. This in-
crease reaches a maximum concentration value which is lower
than that of the Mþ concentration in the organic side because the
convection in aqueous phase removes ions from the interface to-
ward the bulk of the aqueous phase.

2.2. Facilitated ion transfer across liquid|liquid interface. Elucidation of
charge transfer mechanisms

The aim of this section is to develop a methodology for the
determination of the charge transfer mechanisms for the facilitated
ion transfer by the application of forced hydrodynamic conditions
in the organic or aqueous phases.

The simulated system presented in this section is the transfer of
Mþ assisted by a neutral ligand, L, where z ¼ 1 and s ¼ 1. Our mod-
el contemplates the formation of the complex MLþ. Mþ is initially
present in aqueous phase and L in organic phase, L being a hydro-
phobic ligand (KD,L� 1).

Two possible mechanisms of facilitated ion transfer are consid-
ered in this work. One is called TIC/TID (transfer by interfacial com-
plexation/decomplexation) in which the complex MLþ is formed
interfacially; the other is called ACT (aqueous complexation reac-
tion followed by transfer) in which the complex is formed in aque-
ous phase and is then transferred to the organic phase [48].
Particularly, both global mechanisms differ in their aqueous forma-
tion constant values, Kw

MLþ . It is important to note that both TIC/TID
and ACT mechanisms are emerging mechanisms of the model, i.e.
these overall reactions were not explicitly incorporated in the
model (see Section 1.1).

2.2.1. Mass transport: convection and diffusion
The effect of including the convection in mass transport is par-

ticularly notable in the shape of the voltammograms shown in
Fig. 4. Based on the change of electrochemical signals, the mecha-
nism of facilitated ion transfer can be elucidated if the system is
studied in the optimal experimental conditions. This can be carried
out by answering the following key questions: what is the species
that limits the current? And what is the phase being stirred?

When cinit
MX;w � cinit

L;o and a TIC/TID mechanism are considered
(Fig. 4a), current–potential profiles corresponding to charge trans-
fer process with forced hydrodynamic condition in aqueous phase
present no difference compared with diffusion-controlled process
because the phase with an excess of ions is being stirred. Instead,
when the organic phase is stirred, the limiting current species (L)
is carried to the interface, therefore, the current increases in the
forward potential sweep but decreases drastically in the backward
potential sweep. This is because the stirring redistributes the
formed complex to the bulk of the organic phase. On the other
hand, if cinit

MX;w � cinit
L;o and an ACT mechanism is considered

(Fig. 4b), when current–potential profiles corresponding to charge
transfer process with forced hydrodynamic condition in aqueous
phase is compared with the response in the quiescent solution, a
stationary current is observed in the forward potential sweep
and a higher current peak in the backward potential sweep. The
rate of mass transport of the complex present in the aqueous phase
is enhanced with stirring and a limiting current is reached if con-
vective velocity is higher enough. The shape of the backward peak
is not affected, but as the amount of substance transferred to the
organic phase is higher than that in the absence of convection,
the negative peak increases. When the organic phase is stirred, a
negligible effect of stirring is observed in the forward potential

Fig. 3. Interfacial distribution of Mþ during the potential scanning. Normalized
concentrations of Mþ in the organic phase (f o

Mþ ) and Mþ aqueous phase f w
Mþ
� 


.
Without convection: f o

Mþ (1) and f w
Mþ (2) and with forced hydrodynamic conditions

(va
x ¼ 3� 10�3 cm s�1 with a ¼ o in panel (a) and with a ¼ w in panel (b)): f o

Mþ (3)
and f w

Mþ (4). Other simulation parameters as in Fig. 1a.
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sweep. This is a clear indication that the transfer process is con-
trolled by the diffusion of the species present in the unstirred
aqueous phase. On the other hand, the backward current peak re-
veals a decrease in the return of species to the aqueous phase. This
result is easily explained considering that the ions which reach the
organic phase, are removed from the interface by stirring and thus
the ions interfacial concentration diminishes.

In contrast, when cinit
MX;w � cinit

L;o for both mechanisms the voltam-
mograms show the same shape but different values of peak current
and transfer potentials (Fig. 4c and d). When aqueous phase is stir-
red, the peak current increases in the forward and backward poten-
tial sweep since the species limiting current (Mþ or MLþ in TIC and
ACT mechanisms, respectively) is present in the aqueous phase.

This information clearly indicates that the first experimental
condition (cinit

MX;w � cinit
L;o ) allows us to elucidate between TIC and

ACT mechanisms, because current–potential profiles present dif-
ferent shapes when the aqueous or organic phase is stirred. Thus,
it is possible to distinguish the mechanism of facilitated transfer
by choosing the adequate experimental conditions.

As in the ACT mechanism, the MLþ complex is present initially
in the aqueous phase and then is transferred to the organic phase,
the electrochemical response looks like a simple transfer of Mþ,
system analyzed in detail in Section 2.1. The rest of this section
is therefore devoted to describing the TIC mechanism thoroughly.

Fig. 5 shows the concentration profiles obtained for quiescent
and stirred solutions at the switching time (Dw

o / ¼ 0:45 V). When
cinit

MX;w � cinit
L;o , and a TIC mechanism is considered under forced

hydrodynamic conditions applied to the organic phase (Fig. 5a),
it can be observed that the thickness of the diffusion layer d (diffu-
sion path length) depends on the intensity of the convective fluxes.
In this sense, the mass transport in the organic phase displays two
different behaviors for stirred and quiescent solutions. There is an
increased free ligand transport toward the interface, and an in-
creased complex transport from the interface to the bulk of the or-
ganic phase. The increase in the transport of free ligand is

responsible for the limiting current observed in the forward poten-
tial sweep. The absence of current in the backward potential sweep
is caused by an increase in the transport of formed complex (see
Fig. 4a). For a system with cinit

MX;w � cinit
L;o , for a TIC mechanism under

forced hydrodynamic conditions applied to the aqueous phase
(Fig. 5b), d depends on the intensity of the convective fluxes. The
forced hydrodynamic conditions produce an increased mass trans-
port toward the interface and an accumulation of the complex
formed in the organic side of the interface. The first behavior is
responsible for the limiting current observed in the forward poten-
tial sweep and the complex accumulation produces a large current
in the backward potential sweep (see Fig. 4c). In Fig. 5b, it should
be noted that the concentration of the complex formed in the or-
ganic side of the interface exceeds the analytical concentration of
the cation in the aqueous phase.

Fig. 6 shows that the analysis of the species interfacial distribu-
tion is a powerful tool for understanding global transfer mecha-
nisms. When cinit

MX;w � cinit
L;o , for a TIC mechanism under forced

hydrodynamic conditions applied to organic phase (Fig. 6a), it
can be observed that the interfacial concentration of Mþ decreases
about 3.5 mM, which is greater than the analytical concentration of
L, due to the mass transport from the bulk of the organic phase to
the interface. In the backward potential sweep, interfacial Mþ con-
centration continues decreasing to about 0.15 V when the concen-
tration increases; however, it never reaches the initial
concentration because convection in organic phase removes the
MLþ complex from the interface in the forward potential sweep.
When the aqueous phase is stirred (Fig. 6b), the interfacial concen-
tration of Mþ decreases about 0.5 mM because cations are pushed
to the interface. Before reaching 0.15 V, although the concentration
of L is not zero, the concentration of interfacial Mþ increases be-
cause the amount of ions pushed to the interface due to convection
overcomes the amount of L available to form the complex. At the
switching potential, the direct transfer of Mþ is observed. We can
also note that the concentration of MLþ overcomes the concentra-

Fig. 4. Voltammograms at different forced hydrodynamic conditions applied to aqueous or organic phase, for different charge transfer mechanisms: TIC/TID (a) and (c),
and ACT (b) and (d). Without convection (1), with vo

x ¼ 3� 10�3 cm s�1 (2) and vw
x ¼ 3� 10�3 cm s�1 (3). Experimental conditions: cinit

MX;w � cinit
L;o (cinit

MX;w ¼ 1� 10�1 M and
cinit

L;o ¼ 1� 10�3 M) in panels (a) and (b), and cinit
MX;w � cinit

L;o (cinit
MX;w ¼ 1� 10�3 M and cinit

L;o ¼ 1� 10�1 M) in panels (c) and (d). Simulation parameters: Kw
MLþ ¼ 1� 10�15

and Ko
MLþ ¼ 1� 1010 for TIC/TID mechanism, Kw

MLþ ¼ 1� 105 and Ko
MLþ ¼ 1� 1010 for ACT mechanism. Dw

Mþ ¼ 1� 10�5 cm2 s�1, Dw
L ¼ Dw

MLþ ¼ 5� 10�6 cm2 s�1, n ¼ 1:12 and
Dw

o /o0
Mþ ¼ 0:60 V.
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tion of species which is in defect, because species in the organic
phase are faster than those in the aqueous phase and, in this man-
ner, the excess of Mþ changes the equilibrium of the complex for-
mation to products. In the backward potential sweep, interfacial
concentration of Mþ increases overcoming the initial concentration
because there is a higher amount of MLþ to transfer to the aqueous
phase and the interfacial concentration of Mþ decreases due to
convection.

To summarize the information that emerges from the whole
analysis, the peak-to-peak potential difference, DðDw

0 /peakÞ, can be
a helpful tool. In the rest of this section the peak-to-peak potential
difference, DðDw

0 /peakÞ, will be useful as a descriptor of the different
limiting current species. In particular, DðDw

0 /peakÞ is a specific
descriptor of mixed diffusion regimes. Fig. 7 shows the peak-to-
peak potential difference as a function of the concentration ratios
between ligand and cation. These amounts have been obtained
by fixing the initial concentration of cation (logðcinit

MX;wÞ ¼ �3:00).
This figure also shows the current–potential profiles for quiescent
and forced hydrodynamic conditions applied in each phase, in
three different experimental conditions.

Girault and co-workers [49] have demonstrated that peak-to-
peak potential difference depends on the stoichiometry of the com-
plexation, but as in this study 1:1 stoichiometry is chosen, the
evolution of the peak-to-peak potential difference is symmetric
with respect to logðcinit

L;o =cinit
MX;wÞ ’ 0. In both limiting logðcinit

L;o =cinit
MX;wÞ

Fig. 5. Concentration profiles as a function of the distance to the liquid|liquid
interface (x = 0) for the facilitated ion transfer TIC/TID mechanism at Dw

o / ¼ 0:45 V
with hydrodynamic forced conditions in organic (a) and aqueous phase (b).

Normalized concentrations of L f o
L ¼ co

L cinit
L;o

� ��1

 �

and MLþ f o
MLþ
� 


in the organic

phase, and Mþ f w
Mþ ¼ cw

Mþ cinit
MX;w

� ��1

 �

in the aqueous phase. Without convection: f o
L

(1),f o
MLþ (2) and f w

Mþ (3); and with hydrodynamic forced conditions
(va

x ¼ 3� 10�3 cm s�1 with a ¼ o in panel (a) and with a ¼ w in panel (b)): f o
L

(4),f o
MLþ (5) and f w

Mþ (6). Experimental conditions: cinit
MX;w � cinit

L;o (cinit
MX;w ¼ 1� 10�1 M

and cinit
L;o ¼ 1� 10�3 M) in panel (a) and cinit

MX;w � cinit
L;o (cinit

MX;w ¼ 1� 10�3 M and

cinit
L;o ¼ 1� 10�1 M) in panel (b). Other simulation parameters as in Fig. 4.

Fig. 6. Interfacial distribution of species during the potential scanning for TIC/TID
mechanism with forced hydrodynamic conditions in organic (a) and aqueous phase
(b). Normalized interfacial concentrations of f o

L (1), f o
MLþ (2) and f w

Mþ (3). Experi-
mental condition: cinit

MX;w � cinit
L;o ðcinit

MX;w ¼ 1� 10�1 M and cinit
L;o ¼ 1� 10�3M). Other

simulation parameters as in Fig. 4.

Fig. 7. Peak-to-peak potential separation as a function of the decimal logarithm of
the initial concentrations ratio for TIC/TID mechanism. cinit

MX;w ¼ 1� 10�3 M. Vol-
tammograms without convection (1), with forced hydrodynamic conditions
vo

x ¼ 3� 10�3 cm s�1 (2) and vw
x ¼ 3� 10�3 cm s�1 (3). Other simulation parame-

ters as in Fig. 4.
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values, DðDw
0 /peakÞ reaches a constant value equal to 59 mV. Be-

tween these two well-known limiting cases, the dependence of
the peak-to-peak potential difference is intermediate, because
the diffusion of both free ion and ligand may limit the transfer,
so that a mixed diffusion regime establishes. The evolution of the
peak-to-peak difference represented in Fig. 7 reaches a maximum
at logðcinit

L;o =cinit
MX;wÞ ¼ 1

2 logðDw
Mþ=Do

LÞ. Under conditions of mixed diffu-
sion regime, when only one phase is stirred, the transfer is limited
by the species present in the unstirred phase, i.e. when the aqueous
phase is stirred, the facilitated ion transfer is controlled by the dif-
fusion of the ligand from the bulk of the organic phase to the
interface.

2.2.2. Effect of the sweep rate and the convective velocity
In Fig. 8 the effects of sweep rate and convective velocity on the

voltammetric response are compared. All current–potential pro-
files shown in this figure were obtained for a TIC mechanism with
cinit

MX;w � cinit
L;o . The noticeable differences between the stirred and

unstirred experiments are observed at low sweep rates and when
the current controlling species is present in the phase that is stir-
red. This result implies that under these experimental conditions
the stirring offers the most relevant advantages as a mechanistic
tool. It is important to notice that relatively low convective veloc-
ities prove enough to cause appreciable changes in the electro-
chemical signals obtained for stirred and unstirred solutions.
Moreover, at low convective velocity, mechanical disturbances on
the interface studied are minimized, and the model well represents
experimental situations [24]. It is important to emphasize that a
good agreement can be found between the results obtained with
the presented model and those previously reported in literature
for the K+ transfer assisted by DB18C6 across the H2O|1,2-dichloro-
ethane interface (see fig. 4b in Ref. [24]).

3. Conclusion

The key aspect in this work is the effect of forced hydrodynamic
conditions over the ion transfer across the oil|water interface. Gen-
eral equations were developed for ion transfer and the model was
solved using explicit finite difference in time and space. Three
charge transfer mechanisms (simple ion transfer, TIC and ACT
mechanisms) were systematically analyzed in order to illustrate
the effect of the convective velocity on the shape of the current–
potential profiles. In the case of the simple ion transfer, the shape

of the voltammograms was correlated with the changes observed
in the ion interfacial distribution and the concentration profiles.

In addition, a procedure for the determination of the charge
transfer mechanisms for the facilitated ion transfer (TIC or ACT
mechanisms) based on the application of forced hydrodynamic
conditions in the organic or aqueous phases was presented. From
the shape of the current–potential profiles it is possible to directly
determine the charge transfer mechanism in the appropriate
experimental conditions.

TIC mechanism was exhaustively analyzed because the voltam-
metric behavior depends on the initial concentrations of cation and
ligand in the aqueous and organic phase, respectively [49]. Hence,
the most important result shown relates to the fact that, under
conditions of mixed diffusion regime, when only one phase is stir-
red, the transfer is limited by the species present in the unstirred
phase. Therefore, the shape of the voltammetric signal changes sig-
nificantly for the different experimental conditions (forced hydro-
dynamic conditions in the aqueous or organic phase).

In the last section, the effects of sweep rate and convective
velocity on the voltammetric response were compared. The most
important differences in electrochemical behavior are seen at low
sweep rates and when the current controlling species is present
in the stirred phase. It is important to observe that relatively low
convective velocities are enough to find appreciable changes in
the electrochemical signal, and this condition minimizes the
mechanical stirring effects on the interface.

Finally, it is important to underline the agreement between the
simulated results obtained using the model presented in this work,
and the experimental results previously reported in the literature
for the simple transfer of TEA+ and K+ transfer assisted by
DB18C6 across the H2O|1,2-dichloroethane interface [24].
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Appendix A

In this appendix, the general equations are developed for
obtaining the distribution potential of the system.

While the simulations presented in this work do not include
signals corresponding to the transfer of supporting electrolyte, in
the calculation of potential distribution it is necessary to include
all species in the system. The initial compositions of the aqueous
and organic phase are defined as follows:

The aqueous phase of volume Vw contains two base electro-
lytes, MXz and NX.
The organic phase of volume Vo contains a base electrolyte, OY
and a neutral ligand, L.
The volume ratio of the two phases is defined as r ¼ Vo=Vw.

In both phases the neutral ligand forms complexes only with
Mz+. The ion-pair formation for all species in the both phases is
neglected.

According to the studies of Hung [35,36], Kakiuchi [37] and Gar-
cia et al. [38], the equilibrium concentrations of ionic species and

Fig. 8. Effect of sweep rate and convective velocity on voltammograms for TIC/TID
mechanism. Experimental condition: cinit

MX;w � cinit
L;o ðcinit

MX;w ¼ 1� 10�1 M and cinit
L;o ¼ 1�

10�3 M). Convective on organic phase (1) and on aqueous phase (2). v ¼ 0:010 V s�1

and va
x ¼ 3� 10�3 cm s�1 (a), v ¼ 0:100 V s�1 and va

x ¼ 3� 10�3 cm s�1 (b),
v ¼ 0:010 V s�1 and va

x ¼ 5� 10�4 cm s�1 (c) and v ¼ 0:100 V s�1 and va
x ¼ 5�

10�4 cm s�1 (d). Other simulation parameters as in Fig. 4.
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the distribution potential can be calculated from the initial concen-
trations of ions, its standard Gibbs energy of transfer, the complex
formation constants and the volume ratio of the two phases.

The law of mass conservation of the different species in the sys-
tem reads as follows:

cinit
MXz ;w ¼ cw

Mzþ þ
Xn

s¼1

cw
MLzþ

s
þ r co

Mzþ þ
Xn0

s¼1

co
MLzþ

s

 !
ðA1Þ

rcinit
L;o ¼ cw

L þ
Xn

s¼1

scw
MLzþ

s
þ r co

L þ
Xn’

s¼1

sco
MLzþ

s

 !
ðA2Þ

rcinit
OY;o ¼ cw

Oþ þ rco
Oþ ðA3Þ

rcinit
OY;o ¼ cw

Y� þ rco
Y� ðA4Þ

zcinit
MXz ;w þ cinit

NX;w ¼ cw
X� þ rco

X� ðA5Þ

cinit
NX;w ¼ cw

Nþ þ rco
Nþ ðA6Þ

The conditions of the electroneutrality for each phase are the
following:

cw
Oþ þ cw

Nþ þ zcw
Mzþ þ z

Xn

s¼1

cw
MLzþ

s
þ cw

Hþ ¼ cw
Y� þ cw

X� þ cw
HO� ðA7Þ

or

co
Oþ þ co

Nþ þ zco
Mzþ þ z

Xn0

s¼1

co
MLzþ

s
þ co

Hþ ¼ co
Y� þ co

X� þ co
HO� ðA8Þ

where ca
i , is the concentration of the i-species in the a-phase (a = w

or o).
According to the Nernst equation, the concentration ratio, co

i =cw
i ,

can be expressed as:

co
i

cw
i

¼ ðc
w
i

co
i

ÞðheqhiÞzi ðA9Þ

where zi is the charge of the i-species, heq ¼ exp F
RT Dw

o /eq

� 

,

hi ¼ exp � F
RT Dw

o /o
i

� 

, Dw

o /eq is the distribution potential and Dw
o /o

i

is the standard transfer potential of the i-species. Although the
activity coefficients, ca

i , are functions of the composition of the solu-
tion phase, we neglect the concentration dependence of the activity
coefficients for simplicity reasons.

Water autoprotolysis is explicitly considered as [38]:

H2O ¢ Hþ þHO�

The water autoprotolysis constant is defined by:

Kw ¼ cw
Hþcw

HO� ðA10Þ

and the 1:s complex formation constants, Ka
MLzþ

s
, are defined by Eq.

(1) in the present work.
Eqs. (A1)–(A8) may be solved numerically using the Powell hybrid

method [44–46] according with the methodology developed in Ref. [38].
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