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Simple expressions corresponding to the current-potential-time-curves and to the profiles of a target
ion in the organic and aqueous phase when any multipotential pulse is applied to an ITIES, are given
and applied to the determination of the diffusion coefficients of both phases. The special situation of
solvent polymeric membrane ion sensors, for which it can be considered that the ionic transport is only
controlled by diffusion in the organic phase, has also been treated in a very simple and elegant form.
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1. INTRODUCTION

Electrochemistry at the Interface between Two Immiscible Electrolyte Solutions (ITIES), also
known as Liquid-Liquid Electrochemistry, has emerged as a new branch of Electrochemistry [1, 2].
Ion transfer at ITIES is probably the main topic within this branch and constitutes the basis for
innovative applications in several fields. The applications of ion transfer across ITIES are limited by
the mechanical instability of the liquid/liquid interface, a drawback that is especially important in the
performance characteristics of sensors based on ion transfer across the sample/sensor membrane
interface.

An efficient way to overcome this limitation is the “solidification” of the organic phase with
poly(vinyl chloride) (PVC) into a polymer gel [3-5] which can be supported in an array of micro-
interfaces [6], or even a plasticized PVC membrane [7, 8] similar to those used in ion-selective
electrodes (ISEs). These last, usually termed plasticized or solvent polymeric membranes, are easy to
handle and durable. Their physical and chemical properties have been reviewed [9] and contrary to
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previous considerations it was concluded that the plasticized PVC is in a liquid-like state, forming a
true solution in which ionophores and salts are dissolved. The mobilities of ions in these membranes
are very sensitive to the level of PVC in the membrane. Thus, in going from 33% PVC, which is the
typical PVC content, to 40% PVC, the diffusivities are decreased by a factor of about 10.

For theoretical and practical purposes is important to determine the thermodynamics and
transport parameters of solvent polymeric membrane ion sensors, standard ion transfer potential and
ion diffusion coefficients in the aqueous and in the organic phase, [1]. Differential pulse techniques
have been applied for the accurate determination of standard ion transfer potential of different ions
[10]. With regard to the determination on the diffusion coefficient values, chronoamperometry is an
excellent electrochemical technique for the determination of diffusion coefficients of ions in the
aqueous phase [11].

In this paper we use a very simple and general theoretical model [12] which permits us to
obtain the concentration profiles of the target ion in the organic and aqueous phases and which also
provides easy general explicit analytical equations for the response corresponding to any single, double
or multipotential step technique which can be applied to analyse the ion transfer in these systems.
These equations have been applied in this work to study the double and multipulse potential
chronoamperometry in ITIES, operating in such a way that the applied potential is alternated between
an uptake potential at which the target ion is transferred into the membrane, and a stripping potential
which, if maintained during a sufficient time, permits all previously extracted ions to be transferred
back to the sample. These studies give interesting conclusions regarding the calculation of diffusion
coefficients of the ion in both phases. Indeed, for values of uptake and stripping potentials which are
respectively much greater and much smaller than the formal ion transfer potential, the
chronoamperograms corresponding to the stripping stage does not depend on the diffusion coefficient
in the organic phase, contrary to some expectations. In contrast, if the stripping potential lies close to
the formal potential, the corresponding chronoamperogram depends on the coefficient mentioned.

Worthy of special interest is the case of solvent polymeric membrane ion sensors operating
under voltametric or amperometric transduction [7]. Bakker et al [13] developed a mathematical model
from a pulsed amperometric ion sensor. They considered that the concentration profiles of the target
ion in the aqueous phase is flat (i.e, the diffusion in the aqueous phase can be neglected), a condition
which is favoured by fast stirring of the aqueous phase.

In order to exploit the possibilities of the voltammperometric and amperometric solvent
polymeric membrane ion sensors, we have obtained general expressions that are valid for any type of
potential steps sequence and which are in addition simpler than that reported above [13].

2. THEORY

Let us consider the reversible transfer of ion X° through the interface between an aqueous
electrolyte solution (w phase) and an organic one (o0 phase), which takes place by polarising the
interface,

X (w) == X*(o0)
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where z is the charge number, positive or negative.
Under the appropriate conditions, the mass transport can be mathematically modelled as a
linear diffusion problem into the spatial domains shown in scheme I,

aqueous phase (w) | organic phase (0)

X‘w) &=/= X(o)

X —>—o0 x=0 X — oo

Scheme 1. Spatial domains for the diffusion of X* ion in the aqueous and organic phases

2.1. General case: considering the diffusion transport in both phases

When j successive potential pulses (Ey, E»,..., E)) are applied, the mass transport during the j-zh
potential pulse in the presence of sufficient amounts of supporting electrolyte in both phases is
described by the following differential equations system,

501”. b azc;’ 0 W
St o
5C;V b azc}” 0 2
ot Yoxt

with ¢7(x,f) and D, being the concentration and the diffusion coefficient, respectively of ion X* in

the p phase (p =w, 0).
The total time elapsed from the application of the first potential step is given by

P=T+T, T )
0<t, <7,
For any step prior to j, #; =0, while for any step after j, 7, is constant (z T, )
For j>2, the linearity of the equations system (1) allows us to write in general
ci(x0)=cl (x,0)+¢7(x1,) @
ci(xt)=ci (x,0)+¢; (x,t;)
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where c;_l (x,1) and c;."_l(x,t) are the solutions already known for the previous step, (j-1)th step, and

which have the form

j-1
() =c/(x,0)+ Y &, (x.1)

" 5)
L (n)=¢"(x0+ ). ¢," (x.1)

m=2

By taking into account the boundary value problem indicated in reference [12] and following
the procedure shown therein, we find that the profiles corresponding to the j-th potential step take the
following simple form

¢! (x,1) = i[c (0)—c5,,(0) |erfe(s;,)

m=1

A jz1 (6
! / w w w
@ =c" + Y [er0) - i, 0 ]erfe(|sy))
m=1
with
. (0) cw,*Jj
c?(0) =
! 1+yJ, o1
W,k J - ( )
e
¢’ (0)=
;O 1+yJ,
and
c;(0)=0
()
¢y (0)y=c""
where ¢"” is the initial concentration of the target ion.
In equation (6),
P —
! 2\, Datmj
Sy =—— ©)
2D,t,,
i
Ly :Zti L of, =t 1=t
i=j

with



Int. J. Electrochem. Sci., Vol. 3, 2008 1085

— DU
7/ DW
_ zF oy |
Jj_exp[ﬁ(Ej—E )} j>1 (10)
J,=0

where E” is the formal ion transfer potential and F, R and T have their usual meaning.

The expression for the current corresponding to any j-th pulse is given by

f f 1
1,(t)=zFA,|— 0 O =zFAc"™” D, 11
() ¢ ml\, m l( ) cm( ) ° ml\’ (l-‘r}/‘]zl 1+7Jrnj ( )

2.2. Particular case: transport controlled by the diffusion in the organic phase.

When the ratio between the diffusion coefficients in the aqueous and organic phase is large
enough (as is the case of solvent polymeric membranes ion sensors) only differential equation (1) for
the concentration in organic phase could be considered, since the concentration in aqueous phase could
be considered as constant, i. e.:

ci(x,t)y=c"" Vt, x<0 (12)

This condition can also be favoured by rapid stirring of the aqueous phase. As a result, the
interfacial nernstian condition for any jth pulse is expressed by

c;(0)=c""J, (13)

The expressions for the concentration profiles and for the current deduced in these conditions
are:
i
=" Y (4, =) erfels;) (14)

m=1

. [D
1,(t)=zFAC"" |=*

(‘]m _‘]m—l) (15)

Z’: 1
m=1 \, m'

In the particular case of applying a periodic pulse, consisting of cycles of two potential steps,
E; and E;, with the same duration, 7 , and opposite direction, equation (15) becomes the following
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) D 1 j (_l)mH
I.(t)y=zFAc"" ,|[—| =], +(J,—J T ————— 16
(1) = ZFAC ,/M{\Eﬁ(l 3)3 j_mﬂ} (16)

and finally, for a potential at which the organic phase can be regenerated (E2 << EO') , equation below

. D j (_l)m-H
I.(t)=zFAC"" ,[—%| J, ) ———— (17)
i Vm{ 1; j—m+1}

which only depends on the diffusion coefficient of the organic phase.

simplifies to:

3. RESULTS AND DISCUSSION

3.1. Concentration profiles

For purposes of comparison Figure 1 shows the concentration profiles for the application of a
single potential step corresponding to limiting uptake current, i.e. E, >> E . for three different values

of the initial concentration in the aqueous phase, in the two cases considered in sections 2.1 and 2.2,

respectively.
20 4 r 300
(a)
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15 4
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w 57 o
¢ (x,1) tso ¢/ (x,1)
0 0
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(b) L 1.0e+6
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Figure 1. Concentration profiles when only a potential step, E, — o , is applied, for values of the
initial concentration 1, 5 and 10 mM. The transport takes place: (a) by diffusion in both phases
(Equation (6)); (b) only by diffusion in organic phase (Equation (15)). 7=1s, Dw=10"cm*/s,
Do=10"cm’/s.
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As can be observed from both figures, whereas the diffusion layer thickness in the organic
phase is scarcely influenced by the initial concentration value, the surface concentration of the target
ion in this phase is strongly sensitive to this value, becoming much greater than it due to the fact that
the diffusivity of the ion in the organic phase is smaller than in the aqueous one.

The increase of surface concentration in the organic phase is much higher when the transport is
controlled only by diffusion in this phase (see Fig.2 and note that the y-scale of the figure covers a
much wider range) since Eq. (13) is satisfied, whereas when the transport is controlled by diffusion in
both phases (Fig 1) the following is fulfilled:

D
’(0)= W 18
c’(0) Dc (18)

0

3.2. Multipotential step at ITIES

3.2.1. Diffusion transport in both phases

When a sequence of four successive potentials steps, E;, E,,E, and E,, with the same

duration, 7, and opposite direction, being E, = E;, and E, =E,, is applied, in order to calculate the

diffusion coefficients of the ion in both phases, two different situations are of special interest regarding
the applied potential:

a) The values of both uptake and stripping potential correspond to diffusion controlled
conditions, i.e. E,=E,>>E’and E, =E, <<E".

In this case, Eq. (11) becomes the following for the uptake and striping potential steps:

D
I, = ZFAc™ |2
T

uptake steps (19)
D
I, = £—£+1 ZFAC™ |-
; 3 2 T
and
I, = (ﬁ —1} ZFAc"*, /&
2 T
stripping steps (20)

14: —ﬁ.‘rﬁ_l ZFACW'* &
3 2 2 \ 77

where it has been taken into account that 7, =7, =7, =7, =7.
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Figure 2. Current-time curves corresponding to four potential steps when transport takes place by
diffusion in both phases, for values of the diffusion coefficient of the organic phase, D, : (——) 107,

(i+-+--)107* and (------ ) 10 °em*/s; Dw=10"cm* /s, t=1s, E” =0.00 V, E =E, = and: (a)
E,=E, »>—,.(b) E,=E, =005V

As can be observed in figure 2a, the current due to the stripping of the target ion from the

organic phase, and somewhat contrary to expectations, depends only on the diffusion coefficient in the
aqueous phase, D, , as occurs in the uptake chronoamperograms and, therefore, it is clear that the

diffusion coefficient of the organic phase, D,, cannot be estimated from any curve.

b) Only the uptake pulse value corresponds to diffusion controlled conditions, i.e.
E =E,>>E’ and E,=E, > E”
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When these potentials are used, the expressions for the uptake and stripping current-time

l — Z!;Acw,* { w
( )

D
I,=zFAc" —W{——

[l 1
I, = ZFAC" |2 —=-
TN | 2 (1+7)}
I, =zFAc"™" bl 1 £—£+1
Nzr |2 (1+p) 3 2

In other words, when the potential to regenerate the membrane is near to the formal potential of
the system, the ion transfer from organic to aqueous phase also depends on D, through y, as can be

curves become:

stripping steps (22)

seen in figure 2b. Furthermore, the only curve that does not depend on D, in this conditions is the first
uptake curve. The two diffusion coefficients can be calculated from these curves. Indeed, once D, is

known from the analysis of the first uptake current-time curve (Eq. (21)), Do can be easily determined,
for example from the second chronoamperogram by:

2
p=p |HhL (23)
1-1;
where
I = I, * 2t 24)
zZFAc" \| D

3.2.2. Transport controlled by the diffusion in the organic phase.
When the same sequence of pulses is applied to the particular case of diffusion in only the

organic phase (see figure 3) it is easy to determine the diffusion coefficient in this phase from any
I,/t; chronoamperogram, by means of the logarithmic analysis (i.e by plottingln/; vs

j (_l)m+l
1n{11;—_j_m+1}
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diffusion in organic phase, for values of the diffusion coefficient of the organic phase, D, : (------ ) 1077,
(- --)107 and (——) 107cm* /s; t=1s, E*=0.00 V, E,=E, > o, E, =E, — —oco.

As any of these /,/t; curves depends on the product D, ¢"" we can determinate either D, or

¢ from the ordinate at the origin of the plot mentioned.
Note that in these conditions the absolute value of the currents obtained is much greater than in
the above case (section 3.2.1).
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