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Effect of the Phase VVolume Ratio on the Potential
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Two-phase liquid system I1A(w)|IX(0) comprising the
interface between the aqueous solution (w) of uni-uni-
valent electrolyte 1A and an organic solvent solution (0)
of a uni-univalent electrolyte IX with the common cation
I* is considered as a simple model of a liquid-membrane
ion-selective electrode (ISE). Taking into account the
electroneutrality and mass balance conditions, the equi-
librium Galvani potential difference (pd) between the
aqueous and organic phases, Aj¢ = ¢(w) — ¢(0), is
calculated numerically as a function of the ratio of the
initial electrolyte concentrations, x = cl/c, = 1074—
104, for the selected values of the phase volume ratio r =
V(0)/V(w) = 1073, 1, and 103, and the standard ion
transfer potentials of the present ions ranging from —0.5
to 0.5 V. Numeric results corroborate the symbolic
expressions derived for the cases when X~ and A~ are
extremely lipophilic and hydrophilic ions, respectively, or
when the concentration ratio x is extremely large or small.
In contrast to the extraction system, where both electro-
lytes are initially present in the aqueous phase, the effect
of the phase volume ratio on the equilibrium pd in the
ISE model is rather weak, unless the counterions X~ and
A~ differ little in their lipophilicity from the target ion I+.
It is shown that both the ISE and extraction model exhibit
the Nernstian behavior only in a limited range of the
concentration ratio x depending on the value of the
standard ion transfer potentials of the counterions. When
this ratio is extremely large or small, equilibrium pd
approaches the limiting value given by the distribution
potential of the electrolyte IA or IX, respectively. Similar
conclusions can be drawn for the two-phase liquid system
Al(w)|XI(0) with the common anion I~.

Liquid-membrane ion-selective electrodes (ISE) are heteroge-
neous electrochemical systems consisting of a plastic film (e.g.,
poly(vinyl chloride)), whose matrix contains an ion-exchanger
solution as a plasticizer.! From the point of view of electrochem-
istry at the interface between two immiscible electrolyte solutions
(ITIES),? they represent the multi-ion partition systems, which
are characterized by the prevailing contribution of one ion to the
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ISE potential. The simplest ITIES model of the liquid-membrane
ISE comprises two uni-univalent electrolytes IX and 1A with the
common cation I, which are separated by the interface between
the aqueous (w) and the organic solvent phase (0) (Scheme 1),
where S represents an organic solvent. The general method to
calculate the equilibrium Galvani potential difference Al =
¢(w) — ¢(0) for such a two-phase liquid system was developed
on the basis of the mass balance equations and the electro-
neutrality condition for each phase, which were combined with
the Nernst equations for all the present ions.?® The application of
this method to various systems indicated that the equilibrium and
initial concentrations of ions commonly differ.2 Hence, Scheme 1
describes rather the initial than the equilibrium state, with the
initial ion concentrations ic,(w) and ic,(0) in the phase w and o,
respectively, given by

iCH(W) = iCA—(W) = C?A
e (W) =0
'c,.(0) = "¢y (0) = ¢y

cp(0) =0 1)

where ¢, and c, are the analytical concentrations of the elec-

(1) (a) Morf, W. E. In Studies in Analytical Chemistry 2: The Principles of lon-
Selective Electrodes and of Membrane Transport; Pungor, E., Simon, W.,
Inczédy, J., Eds.; Akadémiai Kiadd: Budapest, 1981. (b) Koryta, J.; xb3tulik,
K. In lon-Selective Electrodes, 2nd ed.; Cambridge University Press: London,
1983. (c) Bakker, E.; Bihlmann, P.; Pretsch, E. Electroanalysis 1999, 11,
915-933.

(2) (a) Girault, H. H. J.; Schiffrin, D. J. In Electroanalytical Chemistry; Bard, A.
J., Ed.; Marcel Dekker: New York, 1989; Vol. 15, pp 1-141. (b) Girault, H.
H. In Modern Aspects of Electrochemistry; Bockris, J. O'M., Ed.; Plenum
Press: New York, 1983; Vol. 25, pp 1-62. (c) Samec, Z.; Kakiuchi, T. In
Advances in Electrochemistry and Electrochemical Science; Alkire, R. C.,
Gerischer, H., Kolb, D. M., Tobias, C. W., Eds.; Wiley-VCH: Weinheim,
1995; Vol. 4, pp 297—361. (d) Liquid—Liquid Interfaces: Theory and Methods;
Volkov, A. G., Deamer, D. W., Eds.; CRC Press: Boca Raton, FL, 1996. (f)
Reymond, F.; Fermin, D.; Lee, H. J.; Girault, H. H. Electrochim. Acta 2000,
45, 2647—2662.

(3) Hung, L. Q. J. Electroanal. Chem. 1980, 115, 159—174.

10.1021/ac0497297 CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/28/2004



Scheme 2
IA,IX, H,O | S

(W) (0)

trolytes IA and IX, respectively. However, if X~ is a highly lipophilic
ion and A~ is a highly hydrophilic ion, the equilibrium and initial
concentrations of the I™ ion can be equal, and the potential
difference Al'¢ is controlled by the ratio of activities or concen-
trations of I, which then becomes the potential-determining ion.?

Another aspect of the ion partition equilibrium in the two-phase
liquid system is the effect of the ratio r of the volumes V(o) and
V(w) of the organic and the aqueous phase, respectively, that is,

VO

T V(w) @

on the equilibrium potential difference and ion concentrations,
which is introduced by virtue of the mass balance equation.® The
role of the phase volume ratio has not been fully recognized until
recently when the limiting behavior in the equilibrium ion partition
between two phases of considerably different volumes has been
analyzed, and the strong effect of the phase volume ratio on the
equilibrium potential difference Al'¢ has been demonstrated for
the extraction system (Scheme 2) where the electrolytes 1A and
IX are initially present in the aqueous phase; that is, the initial
ion concentrations are given by the equations*

i 0 0
6. (W) = Cjp + Oy

iCA—(W) = C?A
iCx—(W) = C?x
'c,.(0) = ¢, (0) =y (0) =0 ®)

Such analysis can be relevant to theoretical treatments of the
separation (extraction) processes or the ion transport processes
taking place at biological membranes.* It is to be noted that this
type of two-phase system is also encountered in the voltammetric
measurements of the ion transfer reactions on thin liquid films®
or liquid droplets®~® supported on a solid electrode.

The main aim of this work was to analyze the effect of the
phase volume ratio on the equilibrium potential difference Ap¢
for the ITIES model of the liquid-membrane ISE described by
Scheme 1, with the initial conditions given by eq 1. We shall show
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that unless the counterions X~ and A~ differ little in their
lipophilicity from the target ion I*, this effect is rather weak, in
contrast to that predicted* for the extraction system, Scheme 2.
For both ISE and the extraction system, we shall also examine in
a detail the dependence of Ay¢ on the ratio of the electrolyte
concentrations x

0
x=C'—A O]

0
Cix

for a fixed value of the phase volume ratio r. We shall demonstrate
that, depending on the lipophilicity of the counterions X~ and A-,
the Nernstian behavior can be observed only in a range of the
concentration ratio x. Expressions for the equilibrium potential
difference Ap¢ when this ratio is extremely large or small will be
derived. The analysis will be extended to the interface between
the aqueous solution of uni-univalent electrolyte Al and an organic
solvent solution of a uni-univalent electrolyte X1 with the common
anion I~ (Scheme 3).

MODEL EQUATIONS
Following the general treatment,® the equilibrium potential

difference Al'¢ for the system described by Scheme 1 can be
calculated by combining the electroneutrality condition for, for
example, the aqueous phase,

Cr(W) — ey (W) —cp-(W) =0 ®)

with the mass balance and the Nernst equations, respectively,

tot
k

G(w) +10,0) = s = & ©)
wa  aw RT, &) ., o RT, &)
AO¢—AO¢E+Zk—F|nm—AO¢g +Zk_FIan(_W) (7)

for the ions k = I, X~, or A, where z is the ion charge number,
ay’s are the ion activities, ¢('s are the equilibrium ion concentra-
tions, and AY¢! is the standard ion transfer potential, which is
given by the standard Gibbs energy of ion transfer from the
aqueous phase to the organic phase, AGp" ™,

AGI"™°

w0 __
Ao = 2 F

®)

and A‘(’)Vd)ﬁ' is the formal ion transfer potential including the ion
activity coefficients. The value of AGp™ " is a measure of the ion
lipophilicity; that is, an ion is considered as lipophilic or hydro-
philic when this value is negative or positive, respectively.
Equation 6 defines the parameter & as the total number of moles
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n' of the ion k in the system related to the volume of the
aqueous phase V(w). There is a significant difference between
the parameter & for the system where the initial concentrations
are given by eq 1 and by eq 3. In the former case, &+ = C?A +
rch, Ex- = rcly, and Ea- = ¢, while in the latter case, &+ = cj, +
C?xv E-= c?x, and &x- = C?A. Equation 5 can be then rewritten as

&+
1+ rexp[F(AVp — AY¢))/RT]
Ex- B
1+ rexp[—F(AYp — A¥, *)/RT]
Sa-

o =0 (9
1+ rexp[—F(AJp — Ajpa )/RT]

which makes it possible to calculate Ay as a function of the
concentration ratio x given by eq 4, for the particular values of
the phase volume ratio r and the formal ion transfer potentials
A‘é”q)ﬁ"s. For this purpose, it is convenient to express eq 9 in the
dimensionless form, which for the ITIES model with the initial
concentrations given by eq 1 becomes

__r+x r _ X
y= -1 -1 -1
1+rB s 1+rBys 1+ rfus

=0 (10)

and for the ITIES model with the initial concentrations given by
eq 3 becomes

1+x 1 X

= - - =0 U

YTy B s 14+rfyst 14+r8,s "t ()
where

s = exp[FAY¢/RT] (12)

By = exp[FAJ) /RT] (13)

Extension of this treatment to the system with the common
anion I~ described by Scheme 3 is straightforward. In this case,
the electroneutrality condition reads

Car (W) + Gy (W) — ¢, (W) =0 (14)

Equilibrium potential difference A;'¢ can again be calculated by
using eq 10 or eq 11, where

0
A

X = (15)

0
Cxi

and the parameters s and f5x are replaced by new parameters p
and vy, respectively,

p = exp[—FA,¢/RT] (16)

i = exp[—FAL g, /RT] (17)

SYMBOLIC SOLUTION
To calculate the equilibrium potential difference Al¢, egs 10

and 11 have to be solved numerically, but symbolic expressions
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can be derived, which are valid in a range of the parameters
involved. Since the limiting cases when the phase volume ratio r
is either extremely small or large has been analyzed previously
for one value of x = 10°* we shall focus on the limiting cases
associated with the concentration ratio x, which are rather of
analytical interest.

First, to illustrate the difference between the ISE and extraction
ITIES models with the common cation I*, we shall assume that
X~ and A~ are extremely lipophilic and hydrophilic ions, that is,
their standard ion transfer potentials Al'¢% — oo and A¥g2 —
—oo, respectively. These limits actually correspond to the condition
that ions X~ and A~ are bound to the corresponding phases. Since
then rfx-s™1> 1 and rfx-s~1 < 1 for any finite value of the product
rs~1, the second term on the right-hand side of eqs 10 and 11 can
be neglected and two symbolic expressions follow, respectively:

0
. , ¢
A;Vqs:R—FTlnﬁT':qus&JrR—FTln% (18)
Cia
Ay =BT P o RT O RT g
o =F Mo T A T NG TR

Equation 18, which has been obtained previously in an analogous
way,? shows that the equilibrium potential difference Al'¢ is the
logarithmic function of the ratio of the initial concentrations of
the ion I, ¢%/c% = ic;+(0)/ici(w), cf. eq 1, but it is independent
of the phase volume ratio r. On the other hand, the potential
difference for the extraction model is predicted to exhibit the
logarithmic dependence on the phase volume ratio r, in addition
to the logarithmic dependence on the ratio of the initial concentra-
tions of the counterions in the extracted (agueous) phase c%,/cly
= igy-(w)/ica-(w), cf. eq 3. The effect of the phase volume ratio
thus appears to be a consequence of the initial conditions,
assuming the zero initial concentrations of the partitioned ions in
the extracting (organic) phase. The logarithmic dependence on r
was first demonstrated by numeric calculation,* but the explicit
expression, eq 19, has not been introduced until more recently
in voltammetric studies of the effect of phase volume ratio on the
ion transfer.10

Symbolic expressions that apply to both the ISE and extraction
model can be obtained for the large and small values of the ratio
of the electrolyte concentrations x, provided that Asgs < Abg?.
< AVp% or AVgd, < AlgY < AVg3.. When x > 1, the potential
difference Al'¢ tends to acquire large and negative or positive
value, respectively, cf., for example, egs 18 and 19. An estimate
of the terms appearing on the right-hand side of egs 10 and 11
suggests that the second term can be neglected, and the following
expressions are obtained,

Agdi: + Mg

> (20)

Ao > 1) = "L InyB B =

or

RT Awdﬁ+ + Awqb?i
Agp (x> 1) = = Inyyuy = ———5—— ()
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Figure 1. Equilibrium potential difference Ay for the ITIES model of the liquid-membrane ISE vs the logarithm of the concentration ratio x =
c&/c& calculated by using eq 10 for the phase volume ratio r = 102 (O), 1 (+), and 103 (O) and two different sets of values of the standard ion
transfer potentials: (a) Arg =0, A% = —0.3V, and A¥¢% = 0.3 V or (b) Alg% = 0, A% = —0.15 V, and A¥¢S_ = 0.15 V. Dashed line

corresponds to the ideal Nernstian behavior according to eq 17.

for the system with the common cation or anion, respectively. In
this case, the potential difference is given by the distribution
potential'! of the electrolyte IA or Al irrespective of the phase
volume ratio r. The same expressions were derived in the other
way as the limit for a large extreme of r and a constant and large
value of x.# On the other hand, when x < 1, the third term on the
right-hand side of eqs 10 and 11 becomes rather negligible, and
the equilibrium potential difference approaches the distribution
potential of the electrolyte IX or XI, respectively,

Agdr. + Aoy

RT
A‘g¢(X <1)= = In«/ﬁﬁﬁxf = 2 (22)
or
RT AY$%, + AYpY
Agp(x<1) = = Inyyey = ————— (23)

for the system with the common cation or anion, respectively.
Thus, irrespective of the initial conditions and the phase volume
ratio, the limiting value of the potential difference is given by the
distribution potential of the electrolyte that is present in excess.

Both the ISE and the extraction model exhibits a change from
the Nernstian to non-Nernstian behavior at a value of the ratio of
electrolyte concentration, which for the system with the common
cation I can be obtained by substitution of eqs 20 and 22 into
egs 18 or 19. For the ISE model, this change occurs when this
ratio reaches the value as large as x:im = (Bi+/Ba-)"? or as small
as xgm = (Bi+/Bx-)V2 For the extraction model, these values
depend on the phase volume ratio r, that is, x{™ = r=1(3,+/fa-)/2
and x'sim = r7}(B+/Bx-)"2. Similar expressions can be derived for
the system with the common anion |-, for example, for the ISE

model X{™ = (y /ya )2 and X'™ = (y,-/yx-)V2.

NUMERIC CALCULATION
Correctness of the symbolic expressions given above can be

confirmed by numeric calculations for the system with the

(10) Gobry, V.; Ulmeanu, S.; Reymond, F.; Bouchard, G.; Carrupt, P.; Testa, B.;
Girault, H. H. J. Am. Chem. Soc. 2001, 123, 10684—10690.
(11) Karpfen, F. M.; Randles, J. E. B. Trans. Faraday Soc. 1953, 49, 823—831.

Table 1. Standard lon Transfer Potentials Obtained
from the Voltammetric Measurements of the lon
Transfer from Water to o-NPOE1213 or the o-NPOE
Plasticized PVC Membrane (Last Column)14

A\g’(f)iol V A‘g(]ﬁiol Vv
iond ref12  ref13 ref 14 ion?  ref12 refl13 refl4
Lit 0.488 0.490 Clo,~ —0.136 —0.175
K+ 0.340 Cl- —-0.521
TBAT —0.242 TPB- 0314 0.316 0.290
TPAs™ —0.314 —0.316 —0.290

a Abbreviations: tetrabutylammonium™ (TBA™), tetraphenylarso-
nium* (TPAs"), and tetraphenylborate (TPB™).

common cation I*. By using the Mathcad Equation Solver
(Mathcad 8 Professional, MathSoft, Inc.), the equilibrium potential
difference Ay'¢ was calculated from egs 10 and 11 as a function
of the ratio of electrolyte concentrations x = 10~4—10%, for several
values of the phase volume ratio r and of the parameters fx =
exp[FAYp? /RT]. Since the volume of an ISE liquid membrane is
typically around 100 uL and the volume of the aqueous sample is
usually 1—100 mL, the phase volume ratio for an ISE is rather
small and falls in the range 1071—10-2. Therefore, the potential
difference was calculated for x = 1073 and, for the purpose of
comparison, also for x = 1 and 10%. The values of the parameters
Pk used in calculation were based on the standard ion transfer
potentials Af,vqb‘k’ evaluated from voltammetric measurements on
water|o-nitrophenyl octyl ether (o-NPOE) interface'?!® and the
0-NPOE plasticized PVC membrane.!* Table 1 summarizes the
selected data, suggesting that Avov¢ﬁ attains the maximum value
of ca. £0.5 V. Therefore, the equilibrium potential difference was
calculated for A¥¢?, = 0V, A¥9 = 0.15, 0.3, 0.4, or 0.5 V and
AV#S = —0.15, —0.3, —0.4, or =05 V.

Figure 1 shows the effect of the phase volume ratio on the
equilibrium potential difference Ag¢ for the ITIES model of the

(12) Samec, Z.; Langmaier, J.; Trojanek, A. J. Electroanal. Chem. 1996, 409,
1-7.

(13) Wilke, S.; Zerihun, T. J. Electroanal. Chem. 2001, 515, 52—60.

(14) Langmaier, J.; Stejskalova, K.; Samec, Z. J. Electroanal. Chem. 2001, 496,
143—-147.
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Figure 2. Equilibrium potential difference Ay'¢ for the ITIES model
of the liquid-membrane ISE vs the logarithm of the concentration ratio
X= c&/c?x calculated by using eq 10 for the phase volume ratio r =
1, A¥’. = 0, and the following values of the standard ion transfer
potentials of the anions A~ and X~, respectively: AY¢% = —0.15V,
Agy =015V (@), Aggy. = —0.3 V, Afgy =03V (4), Aggy =
—0.4V, A¥% =0.4V (D), and AYS = —0.5V, A¥%3 =05V (O).
Dashed line corresponds to the ideal Nernstian behavior according
to eq 17.

liquid-membrane ISE plotted against the logarithm of the con-
centration ratio x = c?A/c?X, assuming a larger (Figure 1a) or
smaller (Figure 1b) difference in the lipophilicity of the anions
X~ and A~ from the target ion I*. In the former case, a weak effect
of the phase volume ratio r can be seen in the range of the
concentration ratio, where the transition from the Nernstian to
non-Nernstian behavior occurs. In the latter case, this effect is
much more pronounced and, eventually, the Nernstian slope of
59 mV is not to be expected in the whole range of the electrolyte
concentration ratio, when the phase volume ratio differs from
unity, cf. empty circles and squares. Figure 1 also illustrates the
limiting behavior of the ISE model for the extreme values of the
concentration ratio x. The effect of the standard ion transfer
potential of the anions X~ and A~ on the limiting behavior at x >
1and x < 1 is shown in Figure 2. In agreement with the symbolic
solution, eq 20, the potential difference Al'¢ approaches the
value of 0.075, 0.15, 0.2, or 0.25 at x < 1, when the standard ion
transfer potential A‘(’)V¢§,= 0.15, 0.3, 0.4, or 0.5 V, respectively.
The inverse limit at x > 1 is analogously given by the selected
values of the standard potential AY¢3 ; the limiting values from
numeric calculations agree with those calculated from eq 22.

With use of the data given in Table 1, the behavior of
two practical systems has been examined, namely, that of
TBACIITBATPB with the common TBA*" cation, and
LiCIO4|TBACIO, with the common CIO4~ anion. The results of
calculations are shown in Figure 3. The model TBA™ ion-selective
electrode is predicted to exhibit the Nernstian behavior for the
concentration ratio x = c3gc//Clgates Fanging from 1074 to 102,
On the other hand, the model ClIO,~ ion-selective electrode is
expected to show such behavior in a rather limited range of x =
Clicio,/STeacio, ~ 107-10% which can be increased a little by
increasing the volume ratio r, cf. Figure 3. These results can be
of analytical relevance; for example, the decline from the Nernstian
behavior at low target ion concentrations can complicate the
determination of the ion selectivity coefficients for an ISE based
on the Nikolsky equation.t
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Figure 3. Equilibrium potential difference Aj¢ for the

TBACI|TBATPB (O) and LiCIO4|TBACIO, (O, +) interface vs the
I%garithm of the concentration ratio x = C?_BAQ/C?BATPB and X = Gicio/
Creacio, 'espectively, calculated by using eq 10 for the phase
volume ratio r= 1073 (O, O) or 1 (+), and the values of the standard
ion transfer potentials taken from Table 1 (ref 12). Lines correspond
to the ideal Nernstian behavior.
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Figure 4. Equilibrium potential difference Al¢ for the ITIES model
of the extraction system vs the logarithm of the concentration ratio x
= cloAlcloX calculated by using eq 11 for the phase volume ratio r =
1073 (0), 1 (+), and 108 (O), and the values of the standard ion
transfer potentials AY¢). = 0, Auga. = —0.3 V, and AYgy = 0.3 V.
Lines corresponds to the ideal Nernstian behavior according to eq
18.

The effect of the phase volume ratio on the equilibrium
potential difference for the ITIES model of the extraction system
is considerably more pronounced. Figure 4 shows the results of
calculations for the same values of the parameters r and AY! as
in Figure 1, but for the initial electrolyte concentrations described
by eq 3. While these plots have a similar shape as those in Figures
1 and 2, they are shifted by log r along the log x axis.

CONCLUSIONS
Two-phase liquid system IA(w)|1X(0) comprising the interface

between the aqueous solution (w) of uni-univalent electrolyte 1A
and an organic solvent solution (0) of a uni-univalent electrolyte
IX with the common cation I can serve as a simple model of a
liquid-membrane ion-selective electrode (ISE) for the cation I™.
In contrast to the extraction system, where both electrolytes are
initially present in the aqueous phase, the effect of the phase
volume ratio on the equilibrium potential difference in the ISE



model is rather weak, unless the counterions X~ and A~ differ
little in their lipophilicity from the target ion I*. Depending on
the lipophilicity of the counterions, both the ISE and extraction
model exhibits the Nernstian behavior only in a limited range of
the ratio of the initial concentrations of the electrolytes 1A and
IX, which in the ISE model represents the ratio of the initial
concentrations of the ion I in the aqueous and the organic phase,
respectively. When this ratio is extremely large or small, the
equilibrium potential difference approaches the limiting value that
is given by the distribution potential of the excess electrolyte 1A
or IX, respectively. Similar conclusions can be drawn for the two-
phase liquid system Al(w)|XI(0) with the common anion I~. These
results can be of analytical relevance; for example, the decline
from the Nernstian behavior can complicate the determination of
the ion selectivity coefficient. Qualitatively, the Nernst behavior
can be observed in the range of the potential differences Aj¢

that fulfill the condition ALgS < A < Augd or Abpy, < AV
< Agﬂp%. Hence, in designing the ISE for a specific target ion,
careful attention should be paid to the selection of the counterions
for both the aqueous and the ISE membrane phase.
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