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The behavior of potential sweep voltammograms for the ion-transfer across the liquid/liquid interface with preceding
chemical reactions is discussed. The theoretical results are expressed in the form of the working curves for the peak
current, peak potential, and half-peak potential as a function of the kinetic-current parameter, which contains the rate and
equilibrium constants of the preceding chemical reaction and the rate of the potential sweep. The working curves are
applied to analyze the voltammograms for the transfer of Pb*" ion to nitrobenzene facilitated by 1,4,7,10,13,16-hexathia-
cyclooctadecane present in nitrobenzene from aqueous medium containing citrate®~ ion. The dissociation and association
rate constants and the formation constant of Pb**—citrate>~ complex in W-phase are 4.5x10* s~! and 8.0x 10" M~! 57!

and 10%* M, respectively.

In a previous paper,” it has been shown that the trans-
fer of heavy metal ions, such as Pb?*, Cd**, and Cu?* ions,
across the liquid/liquid or oil/water (O/W) interface facili-
tated by macrocyclic polythiaether 1,4,7,10,13,16-hexathia-
cyclooctadecane (HTCO) present in O-phase can be stud-
ied using cyclic voltammetry and pulse voltammetry. The
voltammetric behavior of the facilitated transfer of, for exam-
ple, Pb?* ion can be explained by the theoretical equations of
reversible voltammograms in which both the rate of the ion-
transfer across the O/W interface and those of the dissocia-
tion and association reaction of the metal ion complexes with
ionophores in O-phase and with hydrophilic ligands in W-
phase are assumed to be sufficiently rapid compared with the
rates of the mass transfer (diffusion) in the two phases. Thus,
the ion-transfer voltammetry can advantageously be applied
to the study of stoichiometry and/or formation constants of
the metal ion complexes in the two phases.”? It was found,
however, that under certain conditions when the formation of
metal ion complexes in W-phase is shifted largely to the com-
plex side, the voltammograms of the facilitated ion-transfer
were not exactly explained by the equations of reversible
voltammograms; rather certain kinetic effects were observed
in their behavior.?

In this paper, the behavior of potential sweep voltammo-
grams for the ion-transfer with preceding chemical reactions
(for a general review, see Ref. 4) is discussed. The ion-trans-
fer mechanism may also be applied to analyze the facilitated
ion-transfer across the O/W interface according to the CE-
mechanism® under certain conditions. The mathematical
problem of the potential sweep voltammetry of the electrode
process coupled with preceding chemical reaction has been

solved first by Nicholson and Shain® and discussed in further
details by Savéant and Xu.” Recently, a digital simulation
technique has also been applied to this problem.” In the
present study, by following Nicholson-Shain’s method, the
theoretical equations of the potential sweep voltammogram
for the ion-transfer with preceding chemical reaction have
been numerically calculated. The results are expressed in the
form of the working curves for not only the peak current® (i)
but also the peak potential (E) and half-peak potential (E,») -
as a function of the kinetic-current parameter of the preced-
ing chemical reaction. Combination of the working curves
allows one to elucidate both the rate and equilibrium con-
stants of the chemical reaction.” Thus, the working curves
are applied to analyze the potential sweep voltammograms
for the transfer of Pb?* ion to nitrobenzene (NB) facilitated
by HTCO present in NB from aqueous medium containing
citrate>~ jon, giving the dissociation and association rate
constants as well as the formation constant of Pb?*—citrate~
complex in W-phase.

Theory

We consider the transfer of a metal ion (M) across the
O/W interface. When the O-phase contains a hydrophobic
ionophore (L, here HTCO), the transfer of M ion (here Pb**
ion) across the O/W interface is facilitated by the formation
of a 1:1 complex of M with L in O-phase:"

M(O) + L(O)——=MI(O). {1

We assume (i) that the association and dissociation of ML
complex in O-phase (Eq. 1) are very fast processes so that



2360 Bull. Chem. Soc. Jpn., 71, No. 10 (1998)

the following Eq. 2 is valid everywhere in O-phase,
Ky = e /el @

where K{; is the formal formation constant of the ML com-
plex in O-phase and ¢ the concentration of i species (i = M,
L, and ML) in O-phase. We further assume (ii) that L is so
hydrophobic that 1. and ML species do not transfer across
the O/W interface and (iii) that ¢ is much higher than the
total concentration of M ion species in O-phase (c$y+cSy)-

On the other hand, the W-phase contains a hydrophilic
ligand (Aw, here citrate>~ ion) which associates with M ion
to forma 1: 1 complex:?

M(W) + Aw(W)——MAwW(W). 3)

We assume (iv) that the concentration of Aw in W-phase is
much higher than the total concentration of M ion species in
W-phase. Then, we have

w
kf

MW)==MAwWW), K" =&"/k , e
Ky

where kY and k" are the rate constants of the pseudo-
monomolecular association and dissociation reactions of
MAw complex in W-phase, respectively, and K" is the equi-
librium constant. We further assume (v) that Aw is so hydro-
philic that Aw and MAw species do not transfer across the
O/W interface.

We further assume (vi) that the transfer of M ion species
across the O/W interface proceeds according to the mecha-
nism involving the preceding dissociation of MAw to form
free M ion which is transferred across the O/W inter-
face. Finally, we assume (vii) that the transfer of M ion
across the O/W interface is a very fast process, so that the
Nernst-Donnan equation is valid for the partition with re-
spect to the surface concentrations of M ion in W-phase and
M ion species in O-phase.

Thus, the facilitated transfer of M ion across the O/W in-
terface in the presence of hydrophilic ligand in W-phase can
be studied by assuming the CE-mechanism, that is, the in-
terfacial ion-transfer with preceding chemical reaction. The
theory of the potential sweep voltammetry for the case of
mechanisms involving a chemical reaction preceding the
electron transfer process at the electrode, which is equivalent
to the present ion-transfer process, has been well discussed
by previous authors.5~® Thus, the potential sweep voltam-
mogram exhibits a peak-shaped curve which is characterized
by iy, Ep, and Ej 5. In this study, we adopt the working curve
method, in which not only ip but also E}, and E,pn have been
calculated as a function of the kinetic-current parameter (1,
see Eq. 8 below), giving the equilibrium constant as well as
the rate constants of the preceding chemical reaction.

The calculation was performed under the condition that
It>1 (I=k' +kY) for the kinetic-current parameter in the
range of A from O to 20 at intervals of 0.1. The results are
illustrated in Figs. 1 and 2, and are expressed by

ip/rip = ((0.472 £ 0.001)A +1) ", )
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Fig. 2. Plots of 2) (Ey—Ep)@FIRT) and b) (Eyjs—Ey)

X (zF/RT) against log 4.

Ey =Ep+(RT/zF)(0.654 0.003) log [1+(1.900+0.003)1], (6)
and
Eyp=iEpp— (RT/zF)(2.10+0.01) log (1+(0.340+£0.001)1), (7)

with MSg of 2.7x1073, (7.5x1073)RT/zF)® and
(6.9x1073)(RT/zF)?, respectively, MSg being the mean
square error.'” Equation 5 was first derived by Nicholson
and Shain.® In these equations, A is the kinetic-current pa-
rameter defined by

p) =le—1/2a1/2’ (®)
with
a = (zF/RT)v, ®

where z is the charge number of M ion, including sign; F,
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R, and T are used in the usual meanings; and v is the rate
of potential sweep; and i, ,E;, and .E,, are the values of
ip, Ep, and Ej 5 at 4 =0, that is, the reversible peak current,
reversible peak potential, and reversible half-peak potential,
given by

vip = 0.4463-2FADY a) /2 (* )., (10)
tEp =:E1 ), + 1.110-(RT/zF), an

and
tEps = tE1j2 — 1.090-(RT/zF), 12)

where .E| / is the reversible half-wave potential defined by

1+KY
1+K9 *cP”

\"'
m 2 Ry

DO zF

RT

E =B+
1/2 M 22F

(13)
Here, A is the surface area of the O/W interface, DV the com-
mon diffusion coefficient of M and MAw in W-phase, (*ciy),
the total concentration of M ion in the bulk of W-phase, EY;
the formal ion-transfer potential of (simple) M ion across the
O/W interface, D° the common diffusion coefficient of M

and ML in O-phase, and *c? the bulk concentration of L in
O-phase.

Experimental

Facilitated transfer of Pb®* ion by HTCO across the interface
between NB and aqueous media was studied by means of linear
sweep voltammetry. The electrochemical cell used for the electro-
chemical measurements can be represented by cell (I) (Chart 1):
where TPnACI denotes tetrapentylammonium chloride, TPnAT-
CIPB tetrapentylammonium tetrakis[4- chrolophenyl]borate, and
M =moldm . The polarizable NB/W interface, that is, the test
interface, is indicated by an asterisk. The applied potential (E) is
defined as the terminal potential of the reference electrode RE1 re-
ferred to that of RE2, and related to the Galvani potential difference
across the O/W interface (AY ¢) by

E= quﬁ +AEref, (14)

where AE is determined by the reference electrode system con-
sisting RE1 and RE2 in cell (I). The reversible half-wave poten-
tial of tetramethylammonium (TMAY) ion at the NB/W interface
was determined to be 0.369 V by cyclic voltammetry with cell (I),

phase I phase 11 *
0.02M 0.04 M
TPnACI HTCO
Ag/agCll o1y 01 M
MgS0; TPnATCIPB
(CE) W) (NB)
phase V. phase VI
0.02M | 0.04M |
TPnACl| HTCO
Ag/AgCll 1y 01 M !
MgSO; | TPnATCIPB:
(RE2) | (W) (NB)
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in which phase III is replaced by 0.50 mM TMABr and 0.20 M
LiNOs. The standard ion-transfer potential of TMA™ ion is re-
ported to be A piva = 0.035 V.!? Therefore, on an appropriate
assumption,B)AEref for cell (I) can be determined to be 0.325 V.
Citrate®™ ion was added to the test aqueous medium (phase III) as
1:2.5 citric acid-LiOH buffer. The ionic strength (J) of the aque-
ous medium was kept at / = 0.1 by addition of LiNOs;. The pH
of the aqueous medium was determined to be pH = 5.84+0.2. All
measurements were carried out at 25+0.5°C. For further details,
see Ref. 1.

Results and Discussion

Figure 3 shows linear sweep voltammograms (LSVs) at
different bulk concentrations of Aw in W-phase (*c, ) for

10

i/luA

1
0.5
EN
Fig. 3. Linear sweep voltammograms at different concen-
trations of citrate®™ ion, *cl, =2) 0, b) 1.0, ¢) 2.5, d)
5.0, and e) 10 mM, for the facilitated transfer of Pb>*
ion by HTCO across the NB/W interface, where *¢f = 40
mM and (*¢fy) =0.10 mM, and v=0.1 Vs~!. The plots
are the calculated values on & = 8.0x10'® M~!s~! and

ky =4.5%10*s7'.

0.6

phase III phase IV
aM Pb(NOz)z :
b M citric acid © 0.1 M
2.5b M LiOH Lici |AsCVAs
0.1 —4.55 M LINOs
(W) (W) (REI)

cell (I)
Chart 1.
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the facilitated transfer of Pb?>* ion by HTCO across the
NB/W interface, where *c =40 mM, (*cy), =0.10 mM,
and *c¥, = 1.0—10.0 mM, except curve a where *c¥, =0,
and v=0.1 Vs~!. The LSVs were recorded after correction
for the baseline. With increasing *cl,, the peak potentials
shifted to more positive potential, whereas the peak current
height decreased.

In Fig. 4 the observed values of i, are plotted against V172 at
different *cY,’s when (*c3y); = 0.10 mM. The voltammetric
results at *c¥, =0 indicate that the facilitated transfer of Pb%*
ion by HTCO is reversible and is controlled by the diffusion
of Pb** ionic species in W-phase.? Therefore, Eq. 10 was
fitted to the plot a in Fig. 4, giving the regression line at
(*cy); =0.10 mM, as given by

(cip/UA) = (273 £0.6)(v/Vs )2 +(0.0£02), (15
with MSg = 0.18uA2. Using Eq. 15, Eq. 5 is written by

(ip/uA)Y=[27.3(v/Vs~ )]/
(417 V- %)Aa /s /vs™H 2 411, (16)

where a = (zF/RT)v with zF/RT =77.9 V™! is employed.
Equation 16 was fitted to plots b—f in Fig. 4. The 90%
confidence limits on the mean value of da~/2(= KWI~1/2)
were determined to be 0.14+0.02, 0.224+0.02, 0.2740.03,
0.4740.02, and 0.6240.03 s'/2 for *c¥ =0.5, 1.0, 2.5, 5.0,
and 10 mM, respectively. The solid lines in Fig. 4 are the re-
gression curves on these KVI~'/2 values. Another possible
mechanism to interpret the present voltammetric behavior
would be the mechanism involving the rate-determining in-
terfacial ion-transfer combined with the very fast chemical
reactions in both O- and W-phases (similar to the chemical
reaction in O-phase of Eqgs. 1 and 2), in which, however, as
the theory predicts,'” the dependence of iy/;i, on a kinetic

15
a
b
10 .
d
<
=
= e
f
5 —
! 1 | 1 |
0 0.2 0.4

Vil g1z

Fig. 4. Plots of i, against v'/2 at ¢}, =a) 0 (O), b) 0.5 (V¥),

¢) 1.0 (A), d) 2.5 (#), ) 5.0 (W), and f) 10 (@) mM, and

at (*cx)t =0.10 mM. Vertical bars indicate the standard
deviations (usually, n = 5).
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parameter should not be expressed by an equation similar in
form to Eq. 5 in the range of the parameters tested in this
study. Further experimental evidence to support the assumed
mechanism can be obtained by potential-step chronoam-
perometric study,' which will be published in a succeed-
ing paper.

Let the second-order rate constant of the association reac-
tion of MAw complex in W-phase (Eq. 3) be Y. We define
the formal formation constant of the MAw complex in W
phase (K3 4,,) by

Kyiaw =K' [l - 17

On the assumption that the complex formation of Pb?* ion
with citrate®~ ion in the aqueous medium is largely shifted to
the complex side, that is, K™ = Kl F X, >>1 (see below),
the measured values of Aa~"/? can be approximated by

Aa™ ' = Ky A )2 (18)

In Fig. 5 the measured values of a7 are plotted against
(*c¥.)!/2, The regression line fitted to the plot is expressed

by
(Aa"?)$"2) = (6.3 £ 1.1)("chy /M) +(0.02£0.07),  (19)

with MSg = 8.5x10~* s, which is shown by the solid line in
Fig. 5, giving K\fa, (k)12 = 6.34+1.1 M~ 1/251/2,

The experimental values of E; and E,, observed at v =
0.01 Vs~! are plotted against log *c},, on plots a and b in
Fig. 6, respectively. The values of ;E; and E,, / can be calcu-
lated by Egs. 6 and 7 from the observed values of E;, and E,, 5,
respectively, where 4 = (Kyra,, () ~1/2)al2(* ¥ )12 = (6.3
M~1/251/2)%(0.883 s=1/2)x(*c¥./M)!/? can be used (see
above). The calculated values of .E, and ;E,, are also plot-
ted against log *cY, on plots ¢ and d in Fig. 6, respectively.
By combination of Eq. 13 with Eqs. 11 and 12 under the

0.8

Aa?/s'?
<
&

0.10

]
0 0.05
(*C\XW)IQ/M]/Z

Fig. 5. Plotof Aa~'/? against *c¥, /2. Vertical bars indicate
the 90% confidence intervals.
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Fig. 6.  Plots of the observed values of a) E, and b) E,,
with error bars indicating the 90% confidence intervals, at
v=0.01 Vs™! and the calculated values of c) (E, and d)
;2 by Egs. 6 and 7 (see text) against log *eX.

assumption that K = K3, *cl,>1 (see below), (E, and
rEp 2 can be expressed, respectively, by

Ep = EpnymL + (RT/2F)In Kjay + (RT/zF)In *chy,  (20)
and

o2 = By, + (RT/zF)In Kyjay + (RT/2F)In *ch,,  (21)

where £, v/mr and Ep /5 wym are the reversible peak poten-
tial and the reversible half-peak potential at *c}y, = 0. Thus,
the plots ¢ and d are fitted to the regression lines, which are
expressed by

(Ep/mV = (664 £ 7) + (28 £ 2)log *chy (22)

and
rEp/z/mV =(631+9)+(30+3)log *cxlw, (23)

with MSg of 1.2 and 2.0 mV?, respectively. These regression
lines are shown by solid lines in Fig. 6. Thus, log Ky}, Was
determined to be 6.25+0.2 from the (E, plot and 6.1+0.3
from the E;/, plot, where the observed value of E, =479
mV and E,/; =450 mV at *c}, = 0 were used for ;Epv/vr
and (Ep/pm/m, tespectively. These log Ky, values are
in harmony with each other and with the value of 6.50 re-
ported by potentiometry with Pb electrode.” Also, note that
Kty el >1. In the present study, a nitrate medium was
used, although Pb?* ion is known to form a 1:1 complex
with NO3; ™ ion (PbNO;*). The formal formation constant
of PbNOs* (KIV,Y,NO3) in aqueous media can be calculated to
be 100 M~! at7=0.1.1Y Since Ky N> KW 03(0.1 M
—9x*cl,) in the range of *c¥., from 0.50 to 10.0 mM, the
complex formation of PbNO;™ in the aqueous medium can
be neglected.
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Using Kypay (7)) 1/2=6.3+£1.1M /2512 andlog KNy, =
6.2540.2, the 90% confidence limits on the mean values of
kY and kY for 1: 1 Pb>*—citrate>~ complex can be calculated
to be (8.0£7.3)x 10" M~1s7! and (4.5+2.5)x10* s~1, re-
spectively. The k' is in the order of the rate constants for
a diffusion-controlled bimolecular reaction.'® Finally, LSV
calculated on these rate constants are plotted in Fig. 3. The
calculated voltammograms are in fair agreement with the
experimental ones.

This paper is the first report, to the authors’ knowledge, on
the preceding chemical reaction-controlled ion-transfer cur-
rent at liquid/liquid interface, which can be exactly analyzed
using potential sweep voltammetry. This study also shows
that combinations of the working curve for the peak current
as a function of the kinetic-current parameter with those for
the peak potential and/or the half-peak potential are useful to
determine the association and dissociation rate constants and
the formation constant of the preceding chemical reaction.
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