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The liquid-junction potentials between two immiscible electrolyte solutions have been studied for the
interface: RT TPB-(nitrobenzene)/RfX~(water) and Rt TPB~ (nitrobenzene)/Li+TPB-(water), where R} is a
tetraalkylammonium ion, TPB~ is tetraphenylborate ion, and X~ is a halide ion. These interfaces may be
seen as a simplest form of either a liquid ion-exchange membrane ion-selective electrode sensing the activity
of the ion in the aqueous phase or a reference electrode of a liquid membrane type reversible to the
ion in the nonaqueous phase. The effects of the cationic species(Rf), the anionic species(X~) and the
concentration of the electrolytes on the electrical potential difference developed at the interface have
been studied. These properties of the interfaces were compared with a simplified theoretical treatment
of the liquid-junction potential between the two immiscible solutions. The theory can predict the basic
features of the system by knowing the standard ion-transfer potentials and the diffusion coefficients of
the relevant ions as well as its concentration. In the concentration range where a significant deviation from
the Nernstian response of the liquid-junction potential occurred, the diffusion potential has been demonstrated
to contribute significantly to the liquid-junction potential.
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In the study of the double layer structure of the
interface between two immiscible electrolyte solu-
tions(ITIES) and the electrochemistry of charge
transfer at the interface, large hydrophobic ions such
as tetrabutylammonium ion(TBA+) and tetraphenyl-
borate ion(TPB-) are used for a supporting electrolyte
in the nonaqueous phase.l»® In order that the
electrical potential difference across the interface be
well defined, it is desirable to use a reference electrode
which is reversible to one of such organic ions in the
nonaqueous phase. For this purpose, an aqueous
solution containing the ion which is the same as one
of the ions in the nonaqueous phase has been usually
employed;!s:» the aqueous phase and the nonaqueous
phase in contact form a nonpolarized interface
through which the common ion works as a potential-
determining ion. When all other ions are not
transferable across the interface, there exists a so called
contact equilibrium? between the two phases and
there is no net flow of ions through the interface. The
potential difference between the two phases is then
represented by the Nernst equation with respect to the
common ion. When an ion other than the potential
determining ion, e.g., a counter ion of the potential-
determining ion, is also appreciably transferable
between the two phases, a net flow of the ions across
the interface generally occurs even at zero-current
condition until the final distribution equilibrium is
attained.

The potential difference between two immiscible
electrolyte solutions has been analyzed in detail by
Hung? in the case where the distribution equilibrium
of the ions between the two phases is established. He

derived the equations which predict the distribution
potential by knowing the initial concentrations and
the standard ion-transfer potentials of the ions as well
as the volumes of the two phases. However, in
practice, the reference electrodes with ITIES are not
always used under the condition of ultimate distribu-
tion equilibrium throughout the phases, and the
potential difference across the interface is yet quite
stable irrespective of the volumes of the two solutions
shortly after the initial contact of these solutions.
Therefore, it is necessary to study experimentally as
well as theoretically the electrical potential difference
between two immiscible electrolyte solutions without
resorting to the assumption of the distribution
equilibrium over the two phases in contact. This is
the purpose of this study. We have previously
presented the theory of the mixed ion-transfer
potential at the ITIES in the presence of the
supporting electrolytes in both phases.? We report
here the theoretical treatment as well as the
experimental study of the liquid-junction potential
(1.j.p.) of the type: R+*TPB-(nitrobenzene)/R+X-
(water) and R+*TPB-(nitrobenzene)/Li+TPB-(water),
where R* is a tetraalkylammonium ion, TPB- is
tetraphenylborate ion, and X~ is a halide ion. The
interfaces of these systems may also be seen as the
interface between a liquid membrane and a sample
solution in the liquid-membrane ion-selective elec-
trode. Accordingly, this study will also provide us
with insight into the basic properities of ion-selective
electrodes.
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Theoretical

Let us consider the electrical potential difference
that develops across a plane interface when we bring
into contact a semi-infinite aqueous phase containing
1:1 electrolyte K;A; with a semi-infinite nonaqueous
(oil) phase containing 1:1 electrolyte KiA2, where K
and A denote a cation and an anion, respectively. In
most of the cases encountered in practice, the ion
transfer of one of these three ionic species can be
neglected.? In the following, we consider only the
case where only two ionic species Ki and A; are
transferable across the interface. The K; and A; may
then be considered as a primary ion and an interfering
ion, respectively. For the sake of simplicity, we
assume the complete dissociations of KiAz in the oil
phase and of K;A; in both phases and neglect the
activity coefficients of the relevant ions. Let the x-axis
be chosen normal to the interface, where x=0, and be
directed from the oil toward the aqueous phase. The
flux of an ion in each phase may be represented by the
Nernst-Planck equation:
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where f is the flux, D is the diffusion coefficient, ¢ is
the concentration of the ion i, ¢ is the electrical
potential(inner potential), x is the distance normal to
the plane, z is the charge number of ion, and F, R, and
T have the usual meanings. The superscript a(a=0
or W) denotes the phase, whereas the subscript :(:=Kj,
A;, or Ag) the ionic species. Since there are three ionic
species in the oil phase when the ion transfer of the
ion A; takes place, the diffusion-migration problem in
the oil phase is not solved analytically. We treat here
the case where the concentration of the interfering
ion(A1) in the oil phase is so small that the migration
of A; in the oil phase is negligible.  This
approximation holds as long as the deviation from the
Nernstian response is small.

When the condition

@
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is fulfilled, we obtain the following equations for the
mass transfer of the ions in the oil phase(See
Appendix 1):
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and
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Similarly, for the aqueous phase we may write
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The initial and boundary conditions for the differen-
tial Eqgs. 3,4, and 7 are:

O — 1,0
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Cgl = 0
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Here, *c%;42 and *c) 41 are the bulk concentrations of
the electrolyte KiAz in the oil phase and KjA; in the
aqueous phase.

The continuity of the flux for K; at the interface,
fRulx==f¥1lx=0, leads to
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Furthermore, since the ion-transfer reaction at the oil-
water interface is usually a fast process,® the surface
concentrations of the K; in both phases are related
through the Nernst equation:

_ c%l(o’ t)
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Similarly, for the anion Aj,

€10, ¢ F
7= o = exp |~ (Ale-a%e3)] (16
In Eqs. 15 and 16, A§ ¢ is the inner potential of the
aqueous phase with respect to that in the oil phase. It
is the quantity usually called the interfacial potential
or phase-boundary potential.? A¥¢%; and A¥ ¢%; are
the standard ion-transfer potentials for K; and A;.?
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Solving the Eqs. 3, 4, and 7 under these initial and
boundary conditions, Eqs. 9—16, we finally obtain for
the interfacial potential at zero current, A8 @inertacial,i=0
(See Appendix 2):
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The interfacial potential depends on the concentra-
tion ratio ®cQ; ao/PcH1a1, the difference in the values of
the standard ion-transfer potentials, and the diffusion
coefficients of the relevant ions in both phases, which
actually enter into Eq. 17 through the ratio DR,/D¥,
DS,/DY¥,, D%,/DY;, and DY,/Dg,. When the condition

b0 2
—65‘—“) > 4a¢ (20)
®cK1a1

is fulfilled, Eq. 17 reduces to

w — AW .0 Lt K %Az
Ao‘pmterfacual,l=0 AO‘pKl + RT In "C%Al (21)
Namely, as long as the ®c¥ 5, is sufficiently small, the
ITIES reveals the Nernstian response with respect to
the concentraton of the ion K, even when ¢ is
appreciably large, i.e., A; is relatively hydrophobic.

Equation 17 has a form similar to the equation
derived by Hung(Eq. 34 in Ref. 3) assuming that the
distribution equilibrium is established throughout
the two phases and the volumes of the two phases are
equal. In Hung’s equation, «a is given by

Riaz
a=1+—222 (22)

CK1A1
where ¢®,4; and ¢4, are the initial concentrations of
electrolytes. When all the diffusion constants of the
ions are equal in both phases, Eq. 18 reduces to Eq. 22.
However, its physical meanings are different from
those of Eq. 17. Equation 17 contains the terms
involving the diffusion coefficients of the relevant
ions, reflecting the importance of the transport
processes of the ions. The advantage of Eq. 17 over
Hung’s equation is that one need not assume any size
of the volume for the two solutions nor the
establishment of the distribution equilibrium through-
out the two phases, which may rarely occur in
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practical cases.

In addition to the interfacial potential, there exists
the diffusion potential on each side of the interface
insofar as the system is not at equilibrium. This
diffusion potential becomes significant when the
transfer of KiA; from the aqueous phase to the oil
phase becomes discernable. The diffusion potential in
the oil phase, ¢%, and that in the aqueous phase, ¢,
may be written as (See Appendix 2):

Q= RT(I 262,)1 ’ (23)
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and p’ and g’ are p and g at zero current. The total
potential difference between the two phases at zero
current, i.e., the lj.p. at zero current, AY¢i=o, 1s
generally given by

Agtp.‘=o = (P‘?i“ + Ag‘ﬁimcrfacial, =0 + ‘Pc‘lhi,ﬁ (28)

It is noted that if we take account of the migration of
Aj ion in the oil phase, the diffusion potential could
be much larger than expected from Eq. 23.

Experimental

Reagent-grade nitrobenzene was treated with active
alumina and then equilibrated with twice distilled water.
Tetraphenylborate salts of tetrahexyl-(THA®), tetrapentyl-
(TPnA*), tetrabutyl-, and tetrapropylammonium(TPrA+)
ions were prepared from sodium tetraphenylborate(Dojin
Lab., Japan) and corresponding alkylammonium halides of
reagent grade as described previously.® Reagent grade
tetrabutylammonium chloride and tetrapropylammonium
chloride were recrystallized from acetone-ether mixture.
The aqueous solutions of these salts were stirred in the
presence of AgCl powder to remove a trace amount of
bromide and/or iodide ions. Lithium tetraphenylborate
(LiTPB) was prepared from sodium tetraphenylborate.?
The stock solution of 0.0705 mol dm~=3 LiTPB contained
0.001 mol dm—3 lithium hydroxide to prevent the decom-
position of LiTPB. The concentration of LiTPB was
determined by titration of the solution with zephiramine.®

The electromotive force of the cell was measured with a
Keithley 616 electrometer. The cell was made in a U-shaped
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poly(tetrafluoroethylene) tubing of 9 mm inner diameter
and 10 cm tall. About 8 ml of a nitrobenzene solution was
first put into the tubing and then a few milliliter of aqueous
solution were added onto the nitrobenzene solution in each
leg of the cell. Appropriate reference electrodes were then
immersed into the aqueous solutions. The liquid-liquid
contact in a reference electrode, if necessary, was made via a
glass frit when the solvent is water, or a poly(vinyl chloride)
gel of nitrobenzene solution when the solvent is nitro-
benzene. The cell was immersed in a water bath at 25
40.1°C. The emf measurements were started immediately
after the contact of the aqueous and nitrobenzene solutions.

Results and Discussion

Nitrobenzene-Water Interface Reversible to Large
Tetraalkylammonium Ions. Effect of Cationic
Species: The emf response of the interface, RCI(W)/
RTPB(NB), to c¥y was measured at cgrpg=const. for
R=TPrA+, TBA+, TPnA+, and THA+. The following
two types of the cell were used;

I II IIT IV \% VI VII
aM'| bM cM
Ag | AgCl| RCl | RTPB | RX | AgX | Ag

(W)  (NB) (W)
@

and
I II 11 v \Y VI VII  VIII
aM | aM bM cM
Ag | AgCl |LiCl | LiTBP | RTPB | RCl | AgCl | Ag
w)y (W) (NB) (W)
(1)

The interface between the phases IV and V in the cell
(I) and that between V and VI in the cell (II) are the
nonpolarized interfaces at which the l.j.p. we are
concerned with resides. The cell (I) was used for
R=TPrA+(a=1, b=1, and ¢=1—500 mmol dm~3) and
TBA+(a=10, b=50, and ¢=0.1—200 mmol dm-3), and
the cell(Il) for R=TPnA+(a=1, =100, and ¢=0.1—
100 mmol dm=3) and THA+(a=1, =40, and ¢=0.02—
2mmol dm-3). Since the nitrobenzene phase was
thick, the potential between the phases III and IV in
the cell (I) and that between IV and V in the cell(II)
remain unchanged with the change of cf¢. The Lj.p.
across the phases III and IV in the cell(Il) is also
constant. The change in the potential difference
between phases V and VI in (I) and that between
phases VI and VII in the cell(II) with the change of
®c¥c were calculated assuming the Nernstian response
of the Ag/AgCl electrodes to the Cl- ion. The activity
coefficients of RCl’s were estimated by using the
Davies equation.? These calculated values were added

1 1 M=I1 mol dm™3.
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Fig. 1. Change of the liquid junction potentials for

the system: RTPB(nitrobenzene)/RCl(water), where
R=tetrapropylammonium(TPrA+), tetrabutylammo-
nium(TBAY), tetrapentylammonium(TPnA*), or tetra-
hexylammonium ion(THAY).

to the corresponding emf values to obtain the change
of the 1.j.p. at the interface. The resultant variation of
the 1.j.p. values was plotted against the logarithm of
the concentration ratio, log(®c¥c/®cREs). These
curves were shifted vertically so that their linear
portions were superimposed upon each other,
eliminating the difference in the emf values due to the
different reference electrode included in each cell.
Figure 1 indicates that TPrA+ has the largest
concentration range of the Nernstian response. With
the increase of the alkyl-chain length, the Nernstian
region becomes narrower, as is expected from the
theoretical treatment given above, because the increase
in the hydrophobicity of the cation gives rise to the
increase in ¢ in Eq. 17 (see also Eq. 19). The arrows in
Fig. 1 indicate the predicted points, where the curves
deviate by 1 mV from the Nernstian slope, calculated
using Eq. 17 and the values for the diffusion
coefficients and the standard ion-transfer potentials
given in Table 1. The values of diffusion coefficients
for TPnA+ and THA+ are assumed to be the same as
that for TBA+. The diffusion coefficient of each ion
in the nitrobenzene was taken as a half of the one in
aqueous solution.®

Effect of the Anionic Species: The effect of the
counter ionic species was studied for the interface,
TBAX(W)/TBATPB(NB) using the cell(I) for X-=
Cl-(a=1, b=50, and ¢=0.1—200 mmoldm=3) and



September, 1987]

Br—(a=1, b=10, and ¢=0.01—100 mmol dm—3) and also
using the following cell:

I 1 I v \ VI VI VI
ImM | 0.IM | 0.02—5| satd.
Ag| AgCl| TBACI|TBATPB TRAI | KCI AgCl| Ag
(W) (NB) (W)
(111

for X-=I-. The change in lj.p. values from the
measured emf values was obtained as described above
for X-=CIl- and Br-, while the L.j.p. at the interface
between phases V and VI was neglected in the cell(II).
The results were plotted against log(c¥3ax/c$pates) iN
Fig. 2.

qu; «const.

w0
log(cTpax/ TBATPB’

Fig. 2. Change of the liquid-junction potentials for
the system: TBATPB(nitrobenzene)/ TBAX(water),
where R=chloride, bromide, or iodide ion.

Table 1. Standard Ion-Transfer Potentrials of Ion
Transfer from Water to Nitrobenzene and
Diffusion Coefficients of Ions in Water

Ion AV 0/ V? D/cm?2s~19
Li* 0.395 —
TPrA+ —0.154® 6.24% 106
TBA+ —0.248 5.21 106
TPnA+* —0.343» —
TUA+ —0.438v —
Cl- —0.324 2.0X10-5
Br- —0.295 2.1X10-5
I- —0.195 2.1X10-8
TBP- 0.372 —

a) Data in Ref. 3. b) Calculated from the data in Ref. 3.
c) Calculated from the limiting equivalent conduct-
ances given in Ref. 10.
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These curves were shifted vertically to superimpose
the linear portions of the curves upon each other. As
the radius of the counter ion increases, the curves start
to deviate from the Nernstian response at the lower
value of the concentration ratio, i.e., the more
hydrophobic the counter ion is, the greater is the
degree of interference. This is also the behavior
expected from Eq. 17. The arrows in Fig. 2 indicate
the points where the curves deviate by 1 mV from the
Nernstian slope, calculated with Eq. 17 and the values
in Table 1.

Effect of the Concentration of the Electrolyte:
Equation 17 indicates that when the system KiAi(W)/
K1A2(O) functions as a liquid-membrane ion-selective
electrode at a constant concentration of K;Ag, the
concentration level of KiAz influences the concentra-
tion range of K1A; where the system shows Nernstian
response. Similarly, when the system works as a
reference electrode reversible to the K; ion in the oil
phase at a constant concentration, the concentration
level of K1A; in the aqueous phase limits the range of
the Nernstian region. Such a concentration effect has
great practical importance to determine the suitable
conditions in designing reference electrodes and ion-
selective electrodes of a liquid-membrane type.

The change of the l.j.p. for the system TBATPB
(NB)/ TBACI(W) was estimated from the emf values
of the cell (I) for the various concentrations(a=b/10,
5=0.5,1,2,5,10,20,50, and 100, and ¢=0.1—500 mmol
dm-3) of TBATPB and TBACI. Figure 3 shows the
response of the system with respect to the concentra-

]
c
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©
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-4 -2 0

w
log(cTBAa)
Fig. 3. Effect of the concentration of TBATPB in

nitrobenzene on the change of the liquid-junction
potential. Labels indicate the concentration of
TBATPB in nitrobenzene in mmol dm=3.
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tion of TBACI at five different concentrations of
TBATPB in the nitrobenzene phase. As the concentra-
tions of TBATPB increases, the Nernstian region
becomes wider. In terms of the liquid-membrane ion-
selective electrodes, this means that the concentration
of the “ion-exchanger”’(TPB- ion in the present
system) in the membrane must be high in order to
obtain the wider concentration range of the Nernstian
response for TBACIL. The curve for bc¢garps=1 mmol
dm-3 in Fig. 3 has a maximum and, in the higher
concentration region, the l.j.p. changes in opposite
direction with increasing concentration of TBACI
Similar tendency was found also in the curve at
bc@arpg=0 mmol dm=3. Such a tendency can be
ascribed to the 1.j.p. in the nitrobenzene phase caused
by the migration of Cl- ion in the nitrobenzene phase,
as will be shown below.

Figure 4 shows the change of the lj.p. with the
mean ionic activity of TBATPB in the nitrobenzene
phase, a%s arps, at the three different concentrations of
TBACI. The activity instead of the concentration was
used in Fig. 4 to check if this system responds
thermodynamically to the activity of the TBA+* ion.
The activity coefficients of TBA*+ and TPB- ions were
calculated by using the Debye-Hitickel theory allow-
ing for the finite size of the ions.!V At %c¥.o=1
mmol dm™3, the change of the 1.j.p vs. log(aiyies)

- 010 —
100
- 005 (—
%
c
8
o
29 10
0o
0.05 — 1
| | |

-3 -2 -1
+,NB
log (argaTRE)
Fig. 4. Effect of the concentration of TBACI in
aqueous solution on the change of the liquid-junc-

tion potential. Labels indicate the concentration
of TBACI in aqueous phase in mmol dm3,
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plot was linear with the slope of 60 mV per decade
change of a%}5ps in the whole concentration range
studied(0.5—100 mmol dm-3). This indicates that the
present system can be employed as a reference
electrode reversible to the TBA+* ion in the nitro-
benzene phase in this concentration range. At
bc¥sac=10 mmol dm-3 the curve in Fig. 4 deviated
from the Nernstian slope in the lower concentration
(activity) region of TBA+ ion. The deviation occured
at much higher concentration(activity) region when
bc¥ac=100 mmol dm-3. These results indicate that
the concentration of TBACI] must be kept as small
as possible to obtain a wider range of Nernstian
response. This type of the interface has been
successfully used at ®c¥gac=5 mmol dm-3 as a refer-
ence electrode in studying the specific adsorption of
TBA+ and TPB- ions at the nitrobenzene-water
interface by using electrocapillary measurements.1?

Nitrobenzene-Water Interface Reversible to Tetra-
phenylborate Ion. Itis sometimes convenient to use a
reference electrode reversible to an anion instead of a
cation dissolved in organic phase. For example, to
study thermodynamically the specific adsorption of
cations in the nitrobenzene, one must use a reference
electrode reversible to the anion in the nitrobenzene
phase. In addition, when a cation in the oil phase is
very hydrophobig, i.e., in the case A¥ ¢%,=A¥ ¢4, one
has to keep the ratio bc@;,2/°c¥ia; large enough to
ensure the Nernstian response of the interface if one
uses a cation reversible reference electrode. In such
cases, the anion reversible reference electrode is
promising. We examined the possibility of the
nitrobenzene-water interfaces reversible to the TPB-
ion by measuring the emf of the following cells:

I II - I v \%
ImM 1mM aM
Ag | AgCl | LiCl | LiTPB| TPnATPB
(W) (W) (NB)
VI VII VIII IX
a/10M a/10M
LiTPB | LiCl AgCl | Ag (V)
(W) (W)
for TPnA+ (a=5—200 mmol dm~3) and
I II II1 Iv \%
0.5mM | 0.5mM aM
Ag | AgCl| LiCl | LiTPB| THATPB
(W) (W) (NB)
VI VII VIII IX
aM aM
TPrATPB | TPrACl | AgCl | Ag (V)

(NB) (W)
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for THA*(a=5—40 mmol dm-3).

Since in the cell (IV) the ratio bc¥8, arps/bcYirps Was
kept constant during the change of b} A1ps, the
change of the potential difference between the phases
V and VI with ®cJB s1ps can be considered negligible.
Similarly, the change in the potential difference
between the phases VI and VII is also negligible. The
changes in the potential falls between phases VII and
VIII in the cells (IV) and (V) with %%, (R=Li* or
TPrA+) were allowed for as described above. The
changes of the 1.j.p.’s which reside between the phases
VI and VII in the cell (IV) and between the phases V
and VI in the cell (V) were neglected, because the
change of the ratio of the equivalent conductances for
THATPB and TPrATPB in the nitrobenzene phase
with the change of the electrolyte concentration and
also that for LiTPB and LiCl in the aqueous phase
seem negligibly small. The changes of the lj.p.’s
across the phases IV and V in the cell (IV) and (V) thus
estimated are plotted against log(a%Yps) in Fig. 5.
Both interfaces respond linearly with the slopw of
58 mV(TPnA+) and 60 mV(THA*) within the con-
centration range studied. Thus, the system LiTPB
(W)/RTPB(NB) can be used as a reference electrode
reversible to the TPB- ion in the nitrobenzene phase.
This type of reference electrode has been applied in
studying the specific adsorption of cationic surfac-
‘tants at the nitrobenzene-water interface by using the
mixed electrolyte method.1®

Significance of the Diffusion Potential. Figure 3
shows that the curves at bc@g,7pp=1 and 5 mmol dm-3
have maxima. The approximate theoretical treatment
of the lj.p. described above can predict the
concentration at which the Lj.p. starts to deviate from

]
[~
o
v
©.
=p
TPnA
THA
50mv
] 1 ]
-3 -2 -1
log (agEy)

Fig. 5. Change of the liquid-junction potentials for
the system: RTPB(nitrobenzene), LiTPB(water),
where R=TPnA+ or THA* ion.
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the Nernstian response, but cannot explain the
inversion of the slope. In fact, Eq. 17 gives a constant
value of A(v')v‘pinterfacial,i=0 when bc21A2/bC¥lA1_)°°~ The
approximation introduced previously is obviously
not adequate in such a high concentration region,
since a significant amount of Cl- ion enters into the
nitrobenzene phase, so that its amount is no longer
negligible in the vicinity of the interface. The
diffusion coefficient of Cl- ion is probably much
larger than those of TBA*+ and TPB- ions in the
nitrobenzene phase (cf. Table 1). Therefore, the
positive diffusion potential(the potential is referred to
that at the infinity of the nitrobenzene phase), which
is opposite in sign to that of the interfacial potential,
will develop in the vicinity of the interface.

If this diffusion potential is responsible to the
inversion of the potential, the addition of a
supporting electrolyte in the nitrobenzene phase
should suppress the 1.j.p. in that phase, resulting in
the disappearance of the maximum. The emf of the
following cell was measured with and without
40 mmol dm—3 THATPB.

I II 111 v
1mM 1 mM 40mM
Ag | AgCl | TBACl | TBATPB THATPB
(W) (NB)
A% VI vl
aM
TBABr | AgBr | Ag (VI)
(W)

The change in the potential drop between the phases
V and V1 was allowed for as described above.

Figure 6 shows the change of the lj.p. vs.
log(*c¥sap:/PcPsates) curves. The curve for the cell
without THATPB (Curve 1 in Fig. 6) exhibited a
maximum at log(®c$saree/®cYean:)=1 and decreased
with the further increase of bcYgag,. This inverted
change of the 1.j.p. was almost eliminated by adding
40 mmol dm—3 THATPB to the nitrobenzene phase, as
is shown in Curve 2 in Fig 6. The slight decrease at
the highest concentration is probably due to an
insufficient concentration of THATPB to eliminate
fully the migration of the Cl- ion. This experiment
clearly indicates the significant contribution of the
diffusion potential in the nitrobenzene phase to the
inversion of the slope shown in Curve 1 in Fig. 6. To
confirm further the effect of the diffusion potential,
the diffusion-migration equations were solved nume-
rically using a finite difference method!® without
introducing the assumption given by Eq. 2. The
values given in Table 1 were used for the calculation.
The result for the system TBABr(W)/TBATPB(NB) is
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‘°9(°TBAar/ reatPB’

Fig. 6. Change of the liquid-junction potential for
the system: TBATPB(nitrobenzene)/ TBABr(water),
in the presence of (Curve 2) and the absence of
(Curve 1) 40 mmoldm-3 THATPB in nitrobenzene
as a supporting electrolyte.
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Fig. 7. Calculated values of the interfacial po-
tential(Curve 1), the diffusion potential in nitro-
benzene phase(Curve 2), the diffusion potential in
aqueous phase(Curve 3), and the total liquid-junc-
tion potential(Curve 4) for the system: TBATPB-
(nitrobenzene)/ TBABr(water).
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given in Fig. 7.

In the higher concentration region, the interfacial
potential (Curve 1) reached a limiting value. Simulta-
neously, the diffusion potential in the nitrobenzene
phase(Curve 2) increases linearly with the logarithm
of the concentration ratio, while the diffusion
potential in the aqueous phase(Curve 3) stays at a
nominal value. Accordingly, the total liquid-junc-
tion potential(Curve 4) possesses a maximum and
beyond this point the potential in turn decreases
linearly with the concentration. Thus, although the
contribution of the diffusion potential seems smaller
in the actual system if one compares Fig. 6 with Fig. 7,
the numerical calculation essentially reproduces the
experimental trend, indicating the importance of the
diffusion potential in the concentration range far
from the Nernstian response.

Such a contribution of the diffusion potential to the
measured emf value may have a practical importance.
Liquid-ion exchange membrane ion-selective elec-
trodes have been used to determine the critical micelle
concentration of ionic surfactants by making use of
the intersection point of the two linear portion of the
emf vs. logarithm of the surfactant concentration
curve.15:1® The results in Figs. 6 and 7 indicate that
such a method for determining the critical micelle con-
centration(cmc) may lead to a spurious conclusion.
Disagreement has been reported between the cmc
value determined from another method and the value
from the concentration of the intersection point in the
emf vs. the logarithm of the surfactant concentration
curve.17.18

Appendix 1

From Eq. 1, we may write for the flux of the ions in oil
phase

acg F de°

fli=—D% 3;1 _EDQ‘C%W’ (A1)
ac® F dp°

f="DU o+ D (A2)
S, F 30

0 —_pO 0 .0

faz A2 o + RTDAchz ax (A3)

On the other hand, the current density I in oil phase is
represented by

I=F(futfas—fa)- (A4)

Substituting (Al), (A2), and (A3) into (A4), 9¢°/dx
can be represented by

dp° RT

9% = F Z, (A5)
where
ac, S, a%Q I
7 =(D©° _po. Zart_ o A, °
( K1 9x D& ax D ax +F)B
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and

= D9, .0 0 .0
B=D}icg1tD3R1c211tD e,

When DQ,+c@,+D%c2>>DQ)cQ;, after substituting Eq. A5
into Al, A2, and A3, we obtain

ac acQ I
fa=-99 29— (A6)
and
ac?
f=—Da— (A7)

where 20 and 29 are given by Eqs. 5 and 6.

Appendix 2

Solving the differential equations, Eqs. 7—9, under the
initial and boundary conditions, Eqs. 10—16, we obtain,
when D¢, #2?

[o]

(o] — b, 0 92
cia(%, £) = cking T |pA — o o 94
Al 1

— 5,0 fc|— _x__
cxuz)er C 2(99 )1/2
gO
+ —o—z—oqA erfc [— ——0%] (A8a)
DR\~ 97 2(DR,¢)
and
x
cu(x, t) = qA erfc [—W], (A9)

where p, q, and 4 are given by Egs. 15, 16, and 24,
respectively. When D%,=97%, instead of Eq. Al, we have

73

1 x2
2@0pn 4% (P (_ 4:99)

(%, ) =P cRia2—

x
+ (pA—"1cQa) erfc [—W]. (A8b)
On the oher hand, for c¥,(x, t) we have
x
cWi(x, t) =bcY a + A erfc [W] (A10)

From Eqs. A4, A8, A9, and AlO, the current-potential
relationship can be written as:
1 1 1

L — —N/beO
F ()2 % AINPpHM—(DR1)"%)q]—N"cRyz,

(All)
where M and N are given by Eqs. 26 and 27. This equation
is valid irrespective of the magnitude of D, and 9. Setting
I=0in Eq. Al1, we obtain Eq. 17.

Under the conditions of Eq. 2 and at I=0 we may write
from Eq. 1,

Liquid-Junction Potential between Two Immiscible Electrolyte Solutions
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= (A12)
8x F D+D% ox

Integrating this equation from x=— to x=—0, we have

RT c(0, t)
P(x=0) — p(x=—00) = ——(1=2Q)In— "o~
K1A2

(A13)

Substituting Eq. A8 at x=—0, we obtain Eq 23. Eq. 24 can
be derived similarly.
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