/
@ Scientifi
o0 Reomarcy

0.:0 Publishing

American Journal of Analytical Chemistry, 2020, 11, 25-46
https://www.scirp.org/journal/ajac

ISSN Online: 2156-8278

ISSN Print: 2156-8251

Distribution of Ag(I), Li(I)-Cs(I) Picrates, and
Na(I) Tetraphenylborate with Differences in
Phase Volume between Water and Diluents

Satoshi Ikeda, Saya Morioka, Yoshihiro Kudo

Graduate School of Science and Engineering, Chiba University, Chiba, Japan

Email: iakudo@faculty.chiba-u.jp

How to cite this paper: Ikeda, S., Morioka,
S. and Kudo, Y. (2020) Distribution of Ag(I),
Li(I)-Cs(I) Picrates, and Na(I) Tetraphenyl-
borate with Differences in Phase Volume
between Water and Diluents. American Jour-
nal of Analytical Chemistry, 11, 25-46.
https://doi.org/10.4236/ajac.2020.111003

Received: December 6, 2019
Accepted: January 18, 2020
Published: January 21, 2020

Copyright © 2020 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

Abstract

Ionic strength conditions in distribution experiments with single ions are very
important for evaluating their distribution properties. Distribution experiments
of picrates (MPic) with M = Ag(I) and Li(I)-Cs(I) into o-dichlorobenzene
(oDCBz) were performed at 298 K by changing volume ratios ( Vi,/ V) be-
tween water and oDCBz phases, where “org” shows an organic phase. Simul-
taneously, an analytic equation with the V,.,/ V' variation was derived in order
to analyze such distribution systems. Additionally, the AgPic distribution into
nitrobenzene (NB), dichloromethane, and 1,2-dichloroethene (DCE) and the
NaB(CsHs), (=NaBPh,) one into NB and DCE were studied at 298 K under
the conditions of various Vig/V values. So, extraction constants (K) for
MPic into the org phases, their ion-pair formation constants (Kua,erg) for MA =

MPic in the org ones, and standard distribution constants (K;M ) for the

M(I) transfers between the water and org bulk phases with M = Ag and Li-Cs
were determined at the distribution equilibrium potential (dep) of zero V

between the bulk phases and also the K(NaA), Kaaorp and Kg . values were

done at A” = BPh, . Here, the symbols Ku, Kiaorp and K3, or Kg, were
defined as [MA]og/[M*I[AT], [MA]org/[M*lorg[A]org, and [M*]o/[M*] or
[A7]og/[AT] at dep = 0, respectively. Especially, the ionic strength depen-
dences of Kix and Kupicorg Were examined at M = Li(I)-K(I) and org = oDCBz.
From above, the conditional distribution constants, Kpgpna and Kpcs, were
classified by checking the experimental conditions of the £ /., and dep val-
ues.
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1. Introduction

In electrochemistry at liquid/liquid interfaces, such as water/nitrobenzene (w/NB)
and w/1,2-dichloroethane (w/DCE) ones, formal potentials ( dep(}' ) for the
transfer of single ions jacross the interfaces have been determined [1] [2]. These
potentials have been obtained at 298 K from standardized potentials of cations
or anions based on the extra-thermodynamic assumption for the distribution of
tetraphenylarsonium tetraphenylborate ( Ph,As'BPh, ) and so on [1] [2] [3] in
many cases. In these studies, there are many data for the potentials dep?' in the
w/NB and w/DCE systems [1] [2] [3] [4], while there are some data [5] [6] for
w/o-dichlorobenzene (oDCBz) one. Especially, the data [6] for the metal ions
(M? at z= 1) seems to be very few. Also, the dep?' values have been converted
with the relation, dep‘}' = —(l/zj f )In K;j [7] [8], at dep = 0 V into standard
distribution constants ( K5 i) of jin a mol/L unit. Here, the symbols, z; £ and
dep, denote a formal charge of j with its sign, F/RT (these symbols are usual
meanings), and a distribution equilibrium potential between w and organic (org)
bulk phases, respectively. That is, the relation of depy, =—(0.05916)log K3 ,,
{or dep? =-(0.05916)log K3, } with j= M* holds at dep = 0 V and 7'= 298.1;
K. Generally such Kg j values have been determined by solvent extraction ex-
periments with j = M*, M*, univalent cation, and its anion (A~) [3] [7] [8] [9]
[10]. However, there are few studies [7] [10] for understanding distribution and
extraction phenomena based on the dep values. So, it is expected that the above
studies facilitate both an electrochemical understanding of the distribution and
extraction phenomena and an extraction-chemical one of the ion transfers
across the liquid/liquid interfaces.

In this study, we determined the standard distribution constants, Kg j>at
dep =0V and 7= 298 K for j = Ag*, Li*-Cs*, and BPh, into some diluents.
The Kg, g Vvalues were obtained from NB, DCE, oDCBz, and dichloromethane
(DCM) systems with the reported ngpic value [5] [8] [11] of picrate ion (Pic”),
the K;j values at j = Li*-Cs* from oDCBz one with that [5] of Pic", and the
KS,BPhA values from NB and DCE ones with the K;Na value [8] of Na™. In the
experiments corresponding to the above systems, volume ratios (= Vorg/ V'= Lorgw)
of the both phases were changed and accordingly an equation for analyzing such
systems was derived; Vs and Vrefer to an experimental volume (L unit) of the
org phase and that of the w one, respectively. Also, the K, Kuaorgp and Kpua
values were obtained at 298 K from the same combinations of M*A™ and the di-
luents. Here, the symbols K, Kuaorg and Kpua were defined as [MA]q/[M*][AT],
[MA]org/ [M*]orgl A Jorg, and [MA]ore/[MA], respectively. Moreover, extraction,

ion-pair formation, and distribution properties for the above systems were
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discussed based on their equilibrium constants. Additionally, using the Davies
equation or the Debye-Hiickel limiting law [12], dependences of Kix and Kwpicorg
(M = Li-K) on the ionic strength of both w and oDCBz (=org) phases were ex-
amined. About the distribution with BPh, or Cs*, differences among its
Kpgen, OF Kpcs values were considered in their experimental conditions and

thereby classified into two groups, such as Kp;and K[S,Y -

2. Experimental
2.1. Chemicals

The procedures for the preparation of MPic, except for NaPic, were the same as
those [13] [14] reported before. Commercial NaPic (monohydrate, extra pure
reagent: 295.0%, Kanto Chemical) and NaBPh, {guaranteed pure reagent (GR):
>95.0%, Kanto} were dissolved into pure water and then recrystallized by con-
centrating their aqueous solutions with a rotary evaporator. The thus-obtained
crystals were filtered and then dried for > 20 h in vacuum. Amounts of the water
of crystallization in these picrates were determined with a Karl-Fischer titration:
7.34;% for M(I) = Li; 6.23, for Na; 1.23, for K; 2.76; for Rb; 0.414 for Cs. Water
was not detected for the AgPic crystal [14].

Commercial NB (GR: > 99.5%, Kanto), DCE (GR: > 99.5%, Kanto), oDCBz
(GR: > 99.0%, Kanto), and DCM (GR: > 99.5%, Kanto), used as the diluents,
were washed three times with pure water and kept at states saturated with water
until use [15]. Commercial nitric acid (GR: 60% - 61%, Wako Pure Chemical
Industries) and hydrochloric acid (for amino acid analysis, GR: 35.0% - 37.0%,
Kanto) were employed for the preparation of the calibration curves with AgNO;
(GR: = 99.8%, Kanto) and LiCI-CsCl (GR, Kanto, Wako, & Nacalai Tesque).
Used pure water was purified by the same procedure as that [15] reported pre-

viously.

2.2. Experiments for the MPic and NaBPh, Distribution

Aqueous solutions of MPic or NaBPh,; were mixed with some diluents in the
various Zugw (see Table 1 & Table 2 for their ratios) in stoppered glass tubes of
about 30 mL and then they were shaken for 3 minutes (in the experiments with
the AgPic and NaBPh, distribution) or one minute (in those with the
LiP-ic-CsPic one) by hand. After this operation, these tubes were mechanically
agitated at 25°C + 0.3°C for 2 h and centrifuged for 5 minutes in order to sepa-
rate the two phases. The separated diluent phases were taken into the glass tubes
and treated as follows. The diluent phases of AgPic, NaPic, and NaBPh, distribu-
tion systems were back-extracted by using 0.1 mol/L HNO;, pure water, and 0.02
mol/L HCl, respectively. For the NaPic system, the w phases back-extracted were
separated, transferred to 5 mL tubes produced by polypropylene, and then their
separated phases were diluted with the HCI solution. Total amounts of Ag(I) and
Na(I) in these aqueous solutions were analyzed at 328.1 nm for Ag and 589.0 for

Na with a Hitachi atomic absorption spectrometer (type Z-6100). In addition to
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Table 1. Fundamental data for AgPic and NaBPhs distribution into several diluents at 298 K with various zorgw conditions.

MA Diluent (org) logKp,+* dep®/V log( K5, or K5, )
AgPic NB at rorgw =1 -2.12+0.03 0.13 —4.30*¢
DCE at forgiw = 1¢ -3.74 0.16 —6.47%¢
DCE at Zorgw = 0.12 - 8.3 -3.85+0.16 0.17 —6.69 £ 0.2,*¢
0DCBz at forgw = 1.2 - 20 —4.52 £0.07 0.11f —6.30%8
DCM at forgnw = 1.0 - 27 -3.95+0.15 0.1y -7.23£0.15°
NaBPh, NB at forgw = 0.50 - 7.5 ~0.50 + 0.2, 0.36 4.2 + 0.2
DCE at forgw = 1.0 - 8.0 -3.74+£0.28 0.14 ~1.4 + 0.3
I'mol.L! log Kex log Kpma Lorg/mol- L™ log Kmaorg
0.022 —0.46 £ 0.03 -0.79 £ 0.05 1.6 x 107 3.79 £ 0.05
0.020¢ -1.49 -1.83f 3.6 x 107 5.992
0.023 -1.02%+0.39 -1.35+0.39 3.2x107° 6.3+04
0.043 -2.5,%+0.37 -2.81£0.37 1.3x10°° 6.5+ 0.4
0.044 —1.58 £ 0.25 —1.86 £ 0.28 49 x107° 6.3+0.4
0.00025 3.90+£0.27 2.76 £ 0.27 8.0 x 107 49+0.4
0.019 -0.7: £ 0.37 -1.76 £ 0.37 3.4x107° 6.8+0.8

“Values at / & Lrg > 0. "Values calculated from Equation (3a). See the footnotes e & h for the logK

S

¢Values calculated from 109 Kg ;.

S
D,Pic

& log K[S,iy;ga values. Average values. “Ref. [14].

=0.05 at /& ks> 0; —1.01; at /& Ioce > 05 —2.73; at [Li2SO4]: = 0.0035 mol/L, [PNP*DCC ]yapce. = 0.01, & 295 K; —0.68

for the w/DCM system. See refs. [5], [8], & [11] & Appendix B. Values calculated from the original data of ref. [14]. #Values determined at 295 - 298 K,

where logK;,, —corresponds logK

S%
D,Ag

. See the text & Equation (T8) in Table 3 for the log KD?ZQ

S

estimation. "Calculated from log K

W/NB; —6.09 for w/DCE. See ref. [8]. The maximum values among errors used for calculation were described.

S%

D.Na

=-518 for

Table 2. Fundamental data for MPic (M = Li-Cs) distribution into org = oDCBz at 298 K with various 7and zorgw conditions.

M I/mol-L™ (forgw range) logKp +* dep®/V log K37, <4 log Kex logKompic  Jorg®/mol-L™  logKipicorg
0.026 (1.0 - 4.0) =5.55+0.61 0.17 -8.32+0.61 =315+ 0.24 —4.4 7.6 x 1078 79+09
0.058 (1.0 - 3.0) —5.44+0.25 0.16 —8.14+ 0.2 =3.59%+0.17 -4.5 2.1x107 73+0.4
Li 0.070 (1.0) —6.0% 2.3 0.2 —9.2%23 —4.19 £ 0.55 =5.1 7.6 x 1078 77%2a4
0.082 (2.0 - 4.1) -5.3f 0.1s -7.86+039y —3.87+0.09 -4.7 41x107 6.7 £ 0.6
0.082 (1.0 - 2.9) —6.2t 1. 0.2 -97%1. —4.02+0.14 -4.9 47%x10°® 85+ 17
0.038 (1.0 - 7.5) -4.91 £ 0.57 0.15 —7.00 £ 0.57 -2.14%£ 0.3 -2.6 4.6 x 107 7.7+0.9
0.049 (6.0 - 12) -3.71+£0.01 0.057 —4.68 -1.85+0.12 -2.3 9.6 x 107° 56+0.1
0.070 (1.0 - 12) =5.10 £ 0.4 0.14 —7.45+ 0.4 —2.64+0.39 -3.1 5.6 x 1077 7.5%0.7
Na 0.090 (4.0 - 15) —-4.8f 0.1> —6.90 = 0.46 =2.5,+0.20 -2.9 1.4x10°° 7.1+0.7
0.11 (1.2 - 6.0) —5.06 + 0.83 0.14 —7.35+0.83 —3.01£0.28 -3.4 9.2x 1077 7at1a
0.13 (1.0 - 12) —5.44+0.74 0.16 —8.14+0.74 —3.0s +0.34 -3.5 4.6x 107 78+ 14
0.0017 (1.5 - 3.0) —26% 1o -0.01 —2s5% 1o 0.56 + 0.12 -0.5 3.8 x 107° 58+ 14
K 0.0040 (1.5 - 6.0) =349+ 0.2, 0.04; —4.25+0.2; —0.55+0.2;3 -1.3 1.3x10°° 6.4+0.4
0.0078 (1.0 - 3.0) —3.76 £ 0.31 0.060 —4.75 £ 0.3, -1.37+0.1s -2.1 1.4x10°° 6.1 +0.5
0.020 (1.2 - 4.0) -3.9¢ 0.07: =5.10 £ 0.3¢ -1.67£0.20 -2.3 2.5%x 107 6.2+ 0.6
Rb 0.0047 (1.7 - 6.0) —4.62 = 0.80 0.1, —6.50 £ 0.80 -1.62£ 0.1 -3.4 1.1 x 1077 76+ 1a
0.0071 (2.0 - 7.5) =55% 1. 0.2 ~790% 1. —1.84%+0.20 -3.6 32x 1078 8st 17
0.0032 (1.1 - 12) —4.2,+0.16 0.1 —6.65 £ 0.1y —1.01 £ 0.30 -3.0 2.0 x 1077 7.4+04
o 0.0032 (1.0 - 12) —4.69 = 0.1 0.060 =5.69 0.1 —1.52+ 0.4 -3.5 6.7%x107* 79+0.5

S%

“Values at /& Lpce: > 0. "Values calculated from log KJ%,.

ref. [5]. “Values determined at 295 - 298 K. ‘Values expressed as the errors which equal those of logKp +. See the text. ‘Average values. Ref. [17].

=-2.73, at [LizSO4]: = 0.0035 mol/L, [PNP*DCC Jiorg = 0.01, & 295 K using Equation (3a). See
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589.0 for Na, amounts of the other M(I) were analyzed at 670.8 nm for M(I) =
Li, 766.5 for K, 780.0 for Rb, and 852.1 for Cs by a flame spectrophotometry.

Total concentrations of MPic in the w phases before the distribution experi-
ments into oDCBz were as follows: 0.025 & 0.052 mol/L for the AgPic distribu-
tion, 0.026 - 0.034, 0.083, 0.094 - 0.12, & 0.13 - 0.14 for LiPic, 0.042, 0.056, 0.084,
0.11, 0.13, & 0.17 for NaPic, 0.0017, 0.0040, 0.0081, & 0.022 for KPic, 0.0061 &
0.010 for RbPic, and 0.0043 for CsPic. In the AgPic distribution into other org
phases, the total concentrations were 1.0 x 107%-0.041 mol/L for org = NB, 0.012 -
0.030 for DCE, and 0.025, 0.040, & 0.049 for DCM. In the NaBPh, distribution
into NB and DCE, the concentrations were 4.9 x 107°-0.0061 mol/L and 0.0040 -
0.035, respectively.

2.3. Data Analyses

Based on the ion-pair formation,V M* +/2°C \>:‘ MA , in water, we can easily
propose a quadratic equation Ky, [Mq + [M+ ] - [M]t,w =0 {see Equation
(1) for the symbols "[M*] & [M].} and then obtain from it

! [M*J =" [A’] = {(1+ 4Kya [M],., )1/2 —1}/2K,\,IA . From the latter equation,

we calculated self-consistent "[A™] and Ky values by a successive approximation
with logK,,, =logKp, +2logy, [8]. Here, the symbols, Kus, Kya, and yi,
denote an ion-pair formation constant for MA in water at concentration expres-
sion, that at "[A"] (= ionic strength) > 0 mol/L, and a mean activity coefficient

for M* and A~ in water, respectively.

3. Results and Discussion

3.1. Derivation of Analytic Equation under the Conditions of
Different Phase Volumes

Under the condition that Vi, is different from V'in the MA distribution into the
org phase, we considered the following equation as a total mass balance at mol

unit:

MLV =[M],,V +[M],,,V 0

torg 09’

where [M];, [M];w, and [M];qr denote a total concentration of the 1:1 electrolyte
MA in the w phase before the extraction experiment, that of species with M(I) in
the w one, and that of those in the org phase after the experiment (namely, at
equilibrium), respectively. In these concentrations, the [M*] ., value can be ex-
perimentally determined with some analytical methods, such as AAS, flame
spectrophotometry, and potentiometry with ISE. Equation (1) was divided by
YIM*] Vand then rearranged into

I

o Mo/ M ]=([M], - [M],, )/ [M7]
- ([M*]mg +[MA] )/V [m].

using the mass balance relation of [M]iorg = [M*]org + [MA]o in the org phase.

2)
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Here, the symbols, "[M*] and Zorgw[M*]org, show the concentration of M* in the w
phase of the volume V'and that of M* in the org phase of V; respectively. In oth-
er words, the [M*]o, value is converted with Zognw into "[M*]og, the concentra-
tion of M* in the org phase of Vi namely "[M']., equals rZogn[M*]o {=
(Vorg! V)[M*]org}. Therefore, we can define zorg[M*]or/ "IM*] (= "[M*]ore/ 'IM*])
as a conditional distribution constant [7], Kpm, of M* and additionally do
[MA]o/ "IM*]V[A] as the apparent extraction constant, K. , of MA, respec-
tively. Obviously. from the charge balance relations of [M*]ory = [A7]org and
"IM*] = "[A7] in the MA distribution system, we can see immediately that Kpu =
(Torgw[ M org/ "IM*] =) Lorgw[AJor/ "[AT] = Kpa.
According to our previous paper [7], the Kpy and Kp s values at 298 K have
been expressed as
dep = ¢ - ¢, =0.05916(log Ky, , —log K3 ) X
=-0.05916(log K, , —log K3 , ). ®
Here, the symbols ¢ (or Porg )» Ko, and Kpa denote an inner potential of
the w (or org) phase, the conditional distribution constant of M*, and that of A~,
respectively, in this equation; see the introduction for the symbols K3, and
KS‘ a - This dep practically means a total energy which is necessary for the M* or
A~ transfer across the interface between the two bulk phases at equilibrium. Eq-
uation (3) is the modified form of the Nernst equation [16]; this expression has a
little problem in its definition (see ref. [17]). As similar to Equation (3), the fol-

lowing equation can hold (see Appendix A for its derivation).

dep = dep, =0.05916(log K. —log K3 ,, ) =—0.05916(log Kp, . ~log K3 , ) (3a)

So from rearranging Equation (2) with K3, which is defined as Kg ,,K;
{=KomKp,a: the condition (C3) in Appendix A}, the following equation was ob-

tained.

r‘org/w [M]t,org /V |:M+:| = r-orglw D:/prll = KD,M + Ke,x r-org/w ! [Ai:l

=Ko + Kb [A7]

ex org/w

(4)

under the conditions of Kom = Kpa (see above) and Kg, #Kg .. Here

org/w DS®" equals an experimental (expl.) value, "[M]og/"[M*], corresponding
to the distribution ratio of M(I) [8]. Hence, the plot of I, Dy versus

Torgiw ! [Af] based on Equation (4) can give K, as the slope and Kp; as the
intercept. Interestingly, we can obtain the plot with changing r.gw under the
constant condition of "[A7], namely, the constant ionic strength (/) in the w
phases. Here, we can see that the intercept is the Kp: value under the condition
of I(="TA7] = "[A ]/ Kp,+) > 0 [8] at least, because of rorgny > 0. When Kp: > 0,
this fact, 7= "[A ]ore/ Kp,+ > 0, also means "[A ]or (= Lyg) > 0 [8]. Therefore, the
intercept, Kb, satisfies both the conditions of 7 and /., > 0. Equation (4) is es-
sentiallyvsimilar to the Czapkiewicz equation [18] with P? (=Kp.) at Gi
(=Tygu |[A] or A]) > 0and P (=K.
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The symbol K. is converted with rygw into K, (= Torgiw Ke'x) which is
thermodynamically expressed as
(KD,i) Kmaorg = KomKp aKwaorg = K;M KS'AKMA'Org (see the introduction for
Kuaorg). Accordingly, we can obtain the Kuaorg value from the intercept and the
modified slope based on Equation (4). In the relation of
(KD’i )2 =KouKpa = KS,M KS’A, the Kpm and Kpa values must satisfy the same
experimental conditions, such as 7and L, and also K5, and Kg,, onesdo

the same condition.

3.2. Reproducibility of the Experimental Values in Equation (4)

Figure 1 shows an example of the AgPic extraction into DCE. The straight line
Was  Toee, DI = (L4, £0.5,)x107 +(0.0366+0.0007)x Iy, | Pic™ | at cor-
relation coefficient (R) = 0.997. From these intercept and slope, the logKp: value
was evaluated to be —3.85 £ 0.1, while the logK.« one was to be —1.0, £ 0.3¢. In
the latter K.« evaluation, the K., values were obtained from K, =ry,, K., for
given rpcew values and then their values were averaged. Additionally, the
log K;Ag and log Kagric,oce values were calculated to be -6.69
(=2logK, . —log K - ) with the calculation error of 0.2, and 6.3 (= logKex —
logKp+) with that of £0.4 at Jocg = 3.2 x 107° mol/L, respectively. Here, Ircg (or
L) refers to the ionic strength in the DCE (or org) phase. These values were in
agreement with those [14] at rpcew = 1 reported before within their experimental
errors, except for the log Kox and log Kp agpic values. About these two constants, the
minimum log K value (= —1.4;) was close to that (= —1.49 [14]) reported before

and also the minimum logKp agpic value (= —1.7,) was somewhat larger than the

0.007 T T T

0.006 ’ -

e}
0.005 |- / ]

expel.

0.004

D
DCE/w Ag
e
S
S
oe)
T T
Q\Q
| 1

r
AN

0.002

T
Qo
|

0.001 + -

1
0 0.05 0.1 0.15 0.2

r "[Pic]/mol L!
DCE/w

Figure 1. Plot of ., Di® vs. rDCE,WV[PiC’] for the Ag-

Pic distribution into DCE at vari ous rmcew values (see Table
1). The broken line is a regression one based on Equation (4)
(see the text).
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calculated one (= —1.83): see Table 1. The deviation of the latter value (=logKx —
log Kigpic> see the section 3.4 for Kagpic) can depend on the error of logK.. Table 1
lists the results for the AgPic and NaBPh, distribution into several diluents and
Table 2 does results for the LiPic-CsPic distribution into o-DCBz.

In the relation of 2logK, . = |0g(K§,,\,I K;A) , the pair of the K3, and
K[S,‘ A Values must satisfy the same experimental conditions. In other words, the
use of log K3, g = 210g Ky, , —log K5 pic basically reflects the experimental con-
ditions of K3, in the KS‘ pq estimation. The same is also true of

log Kp g =2l0g K, . —log Kp i -

3.3. Comparable Validity of Equation (4)

For Kp; and K. determination, another simple analytic equation was derived

from Equation (4) as follows.

DI =Ko [Ty + K2 [A]: 5)

As examples, these common logarithmic Kp; and K values for the AgPic dis-
tribution into DCE were —3.2; + 0.3 and —1.0, + 0.33, respectively. From these
values, the log K3, g and logKygpicpce values were also estimated to be —5.45 +
0.5;and 5.4 + 0.7 at Jocg = 3.2 X 1078 mol/L, respectively. However, except for the
log K-« and log Kigpic.pce Values, their values were in less agreement with those [14]
(see Table 1) reported before, compared with the values determined in terms of
Equation (4).

The form of Equation (5) was simpler than that of Equation (4). Although the
difference in reproducibility between the two equations was few, we did not
adopt here Equation (5) for the Kp. and K. determination. Also, the plot of
Df,lxp" versus "[A7] based on Equation (4) was not able to give the straight

rorg/w
line, indicating that the K

exforgre (5 Kex) t\(/erm in the plot is not the constant.

This fact shows that the parameter T [Af] is more important than the

org/w

Keclogrw One in Equation (4). Simultaneously, both the plots lose the advantage
of the constant 7 (="[A"]) condition in the experiments. On the basis of the
above results, we employed here Equation (4) for the determination of the Kp.

and K, values.

3.4. On Features of the AgPic Distribution Systems

Table 1 showed the order of org = NB > DCE > DCM > oDCBz for the Kp: val-
ues at /and Z.; > 0 mol/L, that for K. in the /range of 0.020 to 0.044, and that
for Kp agpic. Here, the Kp agpic value was calculated from the thermodynamic rela-
tion of Kp,agpic = Kex/ Kageic With Kageic = [AgPic]/[Ag*][Pic™], which was evaluated
from the Kggpic value (=2.8 L/mol [19]) reported at /- 0 and 298 K. On the
other hand, the Kigpicors values showed the reverse order: org = NB < DCE <
DCM < 0DCBz in the I range of 1.3 x 107 to 1.6 x 10* mol/L (Table 1). These
orders seem to reflect polarities of the diluents, except for Kpami. Also, the
K;Ag values were in the order NB > oDCBz = DCE > DCM (see Table 1), al-
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though the value for the oDCBz system was calculated from K;Pic [5] reported
at 7= 295 + 3 K and Kp. obtained here at 298 K. Moreover, it was assumed that
the logKp pic values for the oDCBz and DCM systems satisfy the conditions of 7
and I > 0 and dep = 0; for the former system, that of /and Z.; > 0 or an activi-
ty expression was cleared as described in Appendix B.

Considering the experimental errors of Ko (or Kg,,) in Table 2, except for
the oDCBz system of Table 1, we can suppose that the differences in Kg ,
between 7'= 295 + 3 [5] and 298 K are negligible. However, the K. deter-
mination at 298 K will be necessary for the determination of the more-exact

K;M values.
S% . .
3.5. logKg)y, Estimation

We derived the following equation from the definition of K3’ = Y. org (% / Y,
for the present distribution systems at dep = 0 V, the individual activity coeffi-

cients yi.org (=¥org)> and yi (=yu) and rearranged it.
s % S% 2 2 y2
|Og |(D,M = Iog(y+KD,M/y+,org ) = Iog KD,M - Azj f (I )+ Alrgzj (Iorg) (6)

Here, the symbol, K3, , denotes a thermodynamic equilibrium constant
(=amorg/ au in activity unit) of Kpum at Lz and 7> 0 mol/L and the superscripts, S
and %, mean the experimental conditions of dep = 0 V and the ionic strength for
the both phases, respectively. As the description of the superscript % (or w//x),
its numerator shows the condition of ., - 0 (or the left hand side of // does the
total concentration, u, of an electrolyte in the org phase), while its denominator
does that of 7> 0 (or its right hand side does the total one x in the w phase).
According to Equation (6) at dep =0V, Kg (= KS‘_‘,{;) equals [M*]o/[M?] as
the concentration expression for a given /= xor I = 1, Kg‘f,f,lo does [M*]org/ au
for a given I, = u, and K[S)?,(AX does au,org/[M*] for a given /= x; the latter two
equations are both the semi-activity expressions (see the footnotes b, d-f in Ta-
ble 3).

Assuming that log K7, reported cyclic-volammetrically for the w/oDCBz
system [5] satisfies the condition of dep = 0 V, the logKyy, values were calcu-

lated from its log K}y, value (= —2.73;, see Appendix B for the calculation)

with 2log K2, =logKZ,K2's at dep = 0 V. From the data in Table 2, the lo-
garithmic values of the average K3y, , which was calculated from the intercepts,
Ko, (for example see Figure 2), can be estimated easily. These logKg%, val-
ues were —8.3, £ 0.4, for M = Li, —5.45 + 0.9 for Na, —3.1; + 0.7, for K, —6.7; for
Rb, and —5.9; for Cs. Here, the errors corresponding to log Kp. were approx-
imately employed as the errors of logKgh, , because of a lack [5] of the
log K3s:c ’s error (see Table 1 & Table 2). The Kg, values were in the order
M = Li < Na < K > Rb < Cs. This order is the same as that of the distribution
with the neutral MPic. The log Kpmpic order was M = Li (log Kpmpicay = —4.6 *
0.2) < Na (-2.8 +0.4) <K (-1.0 £ 0.6) > Rb (-3.5) < Cs (-3.2) (see Table 2).

Here the symbol Kpwmpicay refers to the average value of Kpwpic. These orders for
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Table 3. Various equations of experimental logKp, based on some conditions.

Unknown or known conditions®
Equation no

Symbol for Kp, Equations
I/mol.L'  Lg/molL'  dep/V
T1or 10 x u v Kopor K® logK,, =log K" +( f/2.303)z,v— Az f (x)+Amzf(u)]/2 €
T2or6 x u 0 Ks, or K3 logK,, =logKS" — AzZ* f (x)+ A,z (u)”
" logK,, =log K" +(f/2.303)zv— Az} f (X) or
T3 x Oorm v Ko, ¢ N , "
logKo =logK,, - A,z (Ooru,)
o logK,, =log K3" +(f/2.303)zv+ A,z (u)”* or
T4 0orx u v Ky, ¢ ‘ v ,
logKy? =logK, + Az f(0orx)
logK, =log K> - Az’ f (x) or
T5 x Oorm 0 Koo SO:'J > Jz (x) i
log K3 =logK,, — A, z:(0oru,)
logK, =logKs +A_z2(u)” or
T6 0orx u 0 Koo s.;l/o ! gz ()
log K3 =log K, , + Azi f (Oor x,)
logK, =logK +(f/2303)zv or
T7 0orx 0or m v Ky, ! o o) ( ) ! "
logKy, =logK, +Az; f (Oor x)—A,,z:(0oru,)
logK,  =logK* ¢ or
T8 0orx Ooru 0 KS?}’ o) o)

logKS" =log K, + Az f (Oor x,)— A, 22 (0oru,)”

“The parameters x, u, & v show unknown values & zero, um, & x do the known ones. * K, = K3’ :[J]mg/[j] “Basic equation. ¢ K,ﬂ’j = aj,n,g/[j] .

K[“)f‘j :[j]mg /aJ f K;"‘I = am/aj . 8Defined as K[S;/j = ajvu,g/aj atdep=0V.

510° .
O
-5 //
410° | P
g
%E 310° L /,/ N
Q, o ] _
3 rd A
2 210° o A X a_-
N -

"[Pic)/mol L!

rUDCBZ/W

(.
Figure 2. Plot of 1,50, D™ v 1ocaum [PIC_:| for the LiPic distribution into oDCBz at various rpcesw values. The lines are

straight ones based on the regression analysis with Equation (4). These plots are those under the conditions of 7= 0.026 mol/L

(circle), 0.058 (square), 0.070 (diamond), and 0.082 (full & open triangles). Essentially, all the intercepts must indicate the same
value.
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M = Li-K are in agreement with those for the MPic distribution into NB [3,8]
and DCE; that is, the order increases in going from M = Li to K (monotonically
to Cs). The data of logK3y, for the MPic distribution into DCE at 298 K were
—8.07 for M = Li, —6.0, for Na, and —5.9s for K (—5.37 for Rb & —4.6, for Cs), re-
ported by one (Y. K.) of the authors in Chemistry Journal, 2013, vol. 3, pp. 37-43
(now this journal has not been open access). Further experiments will be needed
for the RbPic and CsPic distribution into oDCBz. Similarly, the log KST/ZQ value
for the oDCBz system was estimated to be —6.30 (see Table 1) from the relation
log K5/, =2l0g K,y , —log KS7,..

From Table 2, the maximum logy, and logy o, values at org = oDCBz were
calculated to be —0.02 {= —0.5114£0.0017)} and 0.00 {= —(11.3)(3.2 x 107%)V2},
respectively. On the other hand, their minimum values were done to be —0.11
from /= 0.13 mol/L and —0.03 from L., = 9.6 x 1075, respectively. These results
indicate that, as a measure, the predicted changes of log Kpu due to 7and Zpcs,
are less than about 0.1 {= |log[y:(min.)/ pi o(max.)]|}. In other words, this sug-
gests the larger dep dependence of logKp v (or logKp ), compared with its 7and
L; dependences. The suggestion is supported by the following results. The many
dep values, except for KPic distribution at 7= 0.0017 mol/L, were present in the
range of 0.057 to 0.2 V in Table 2. The |dep/0.05916| terms {see Equations (7) &
(10)} at 298 K corresponding to log y were calculated to be 0.96 to 3.;. At least,
the deviation of about 0.1 in log(y:/y,oce.) seems to be effective for deviations
in the NB and DCE distribution systems.

3.6. Correlation between logK.x and Dep or IogKS,\,I

Figure 3 shows a plot of logK.« versus dep (see Table 2 & Appendix B) for the
MPic distribution with M = Li-Cs and Ag into oDCBz. A regression line was
logKe = (0.0 £ 0.39) — (19.; £ 2.3) dep at R = 0.899 without the AgPic system
(see the full circle in Figure 3 & Table 1). Thus we can see that the log K, values
decrease with an increase in the dep values. Also, this fact suggests that the dep
values are barriers to the distribution or extraction of M* with Pic™ (or Pic™ with
M*) into oDCBz. On the other hand, according to the K., definition by the
thermodynamic cycle, logK. is expressed as log (KpmKp,aKwmaorg). Introducing
Equation (3) in this cycle, we immediately obtain

log K., = —dep/0.05916 + 0 ( Ky, K AKya o )
)
= —16.90dep +log (Ko, 1y K AKyaorg)

at T'= 298 K. Comparing this equation with the experimental regression line,
one can suppose that the experimental slope of —20 V! is close to the theoretical
one of —17 at 298 (& 295) K. In addition to this fact, the logarithmic values of
average K;‘?/}’\,l and Kupicorg Were —3.5 £ 1.5 and 7.8y + 0.8o, respectively, and
log K3, was —2.73; (see Appendix B) for org = oDCBz at 295 K. A sum of the
three values became +1.; + 2., (the approximate value calculated without the error

of logKys: ). The estimated IOg(KST/,‘:A KS@,A,MKMA,WQ) value was in accord
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Figure 3. Plot of logKex vs. dep (at 295 K) for the MPic distribu-
tion with M = Li-Cs into oDCBz. The broken line is a regression
one (see the text) corresponding to Equation (7), except for the
point (full circle) of the AgPic system.

with the intercept (= 0.1) of the plot within both the errors, +2 for the estimated
value and £0.3 for the intercept. These results indicate that the regression line is
essentially based on Equation (7). Also, from the above, it can be seen that the
dep term is included in log K at least.

The same is also true of the plot of logKe. versus logKg%, plot. This plot can

come from the relation
log Ko, =100 (Y, K3 /Y. o ) 100 (Y K /Y- g )+ 109 Ky og

_ % s% (72)
=log K&%, +log ( K% Ko )+ 2109(Y.. /Yo )

Additionally, the symbols, y- and y- ., refer to the activity coefficients of A~
in the W and org phases, respectively; y: and yi o show their mean activity
ones. The corresponding regression line with the MPic system was
log K,, =(0.62+0.07)log K3y, +(1.9,£0.4;) at R = 0.903. Unfortunately, the
slope and intercept were smaller than unity and the log (the product between
log KS?/,‘;iC and the average of Kuaorg) value of 5.2 (=7.8 — 2.73;) with the error
of about +0.9, respectively. While, the result obtained from the slope fixed at un-
ity was logK,, =logK5h, +(4.4,£0.2)) at R = 0.716. Considering 4.5 ~ 5.2 +
2log(y:/ yi.org)> this improvement of the intercept suggests log(y:/yzorg) < 0. Simi-
larly, from this result, it can be seen that the KS?/,‘Z,, term is included in log K.

3.7.0n the I Dependence of logK.x

In this section, using the data in Table 2, we tried to examine a dependence of
logK.« on the 7 values at 298 K. In general, it is empirically known that the Da-

vies equation [12] is effective for analyzing the / dependences of equilibrium
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constants in the /ranges of less than 1 mol/L. Defining KJ as K., based on the

activity expression, we can obtain
0
Kex = aMA,org /aMaA = Kex/y+ yf ’ (8)

where a; denotes the activities of /= M* and A~ in the w phase and ava g does
that of MA in the org phase, being equal to a molar concentration [MA]o,. Tak-
ing logarithms of both the sides of Equation (8) and then rearranging it, the fol-

lowing equation was obtained:

log K,, ~log K, —2Af (1) (8a)
with logy,y =-2Af (1) (8b)
and f(1)~1"/(1+1"*)-031. (8¢)

Hence, a non-linear regression analysis of the plots of logK.. versus I'? can
yield experimental log K2, and A values.

Figure 4 shows an example of such plots. The regression line was logKe =
(=15, £ 0.7,) = 2 X (6., = 2.0)()) at R = 0.875 for the LiPic distribution into
oDCBz. Also, the lines for the NaPic and KPic distribution systems were logK:, =
(0.24 £ 0.74) - 2 x (7.5 £ 1.9)f7) at R = 0.885 and = (1.24 £ 0.6;) - 2 x (13,4 £
4.,)fI) at 0.916, respectively. These A values were 12- to 27-times larger than
that {= 0.5114 (L/mol)"?} calculated for pure water at 298 K. The logK?, values
for the MPic distribution were in the order M = Li < Na < K {>Rb
(logK? = -16;) < Cs (—-1.14)}, where K®  denotes the average of Keox.

ex,av ex,av

3.8. On the I,; Dependence of logKwa,org

As similar to the 7 dependence of logK., we considered K&A,org based on an

0

1L |
/5\ N
[ 2F N i
— N
vﬁ N
& N
g 3 5 |
— I~

4L 8\ i

-5 I I I

0 0.1 0.2 0.3 0.4

()" /(mol/L)"?

Figure 4. Plot of logKex vs. ()2 for the LiPic distribution into
oDCBz. The broken line was a regression one based on Equa-
tion (8a).
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activity ex pression as follows.
Kl?/lA,org = [MA]Org /aM,orgaA,org = KMA,org /y+,org y—,org (9)

Taking logarithms of the both sides of this equation and then rearranging it,

the following equation was obtained:

0 Y2
log KMA,org = log KMA,org - 2'A\)rg <Iorg) (92)
. Y2
with _ZA)rg (Iorg) = |Og y+,org yf,org . (9b)
A plot of log Kua,org Versus Iiﬁ; can give a straight line with the slope of -2 A4,

and the intercept of log Kl?/lA,org .

Figure 5 shows an example of the NaPic distribution system with org =
0oDCBz. The broken line was the experimental regression one,
109 K ypic.org = (815 £0.1;) - 2x (422 £ 43)( lorg )]/2 at R = 0.980. Similar results
were obtained from the other two systems:
109 K, gy = (8.9 £0.2;)~ 2 (1819 350) I, * at R=0.949 and
109 K gporg = (6.8, %0.4,) ~2(260134) 1, )~ at 0.809. These Ay values
were 23- to 161-times larger than that {=11.3 (L/mol)"?} calculated for pure
oDCBz (= org) at 298 K. These results are similar to those of Apcg for the AgPic
extraction system with benzo-18-crown-6 ether into DCE [14]. The
log K,?,lpicvoDCBZ values at J,pcs, > 0 were in the order M = Li > Na > K (< Rb = Cs,
see Table 2). This order recalls that (Li > Na < K) of K,E’,lpic [19] in water po-
tentiometrically-determined at 298 K to us. The difference in order between Na
(=M) and K may reflect that between the water and oDCBz phases in the hydra-

tion to M™.

10 T T T
9L 4
%f 8 ~ 7
‘e:_; AN
Z
v N
Y 7+ N .
- N
N
~N
N
N
6| S o 1
~
X
N
N
5 1 Il 1
0 0.001 0.002 0.003 0.004
I "/mol/L)"?
org

Figure 5. Plot of log Kuapicorg V5. 122 for the distribution into

org
org = oDCBz. The broken line was a regression one based on
Equation (9a).
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3.9. On the Differences between Kp gy, or Kpcs Values in the NB,
DCE, and oDCBz Systems

The log K[S;/,‘;Pm values determined with the present experiments (see Table 1)
were much smaller than the values reported from the distribution [3] [8] [18]
and electrochemical experiments [20]. Their values have been reported to be 6.3
[3] at 7= xand 5.6 [8] at /> 0 for the NB systems; 5.396 [20] at [MgSO4]; = 1
mol/L and [CV+BPth’DCE =0.05 (CV*: crystal violet cation) and 6.13 [18] at
I 0 for the DCE ones. Their experimental log KS!,)/OBPM values were obtained
here to be 4.2 for NB and —1.4 for DCE (Table 1). These differences may be un-
derstood by the dep dependence of the 10gKp gpy, values, as described in the
Section 3.5.

Although numbers of the data sets of 10g Ky, gy, and Zor I, were few, Equ-
ation (6) employed for A~ has possibility for showing the /or /., dependence of
the 109 Kp gp, values. So, using Equations (3) and (6), we can immediately de-

rive the following basic equation:
log Ko, = log KS" +( /2.303) 2,dep— Az f (1)+ Ay 2% (1)
~logK§ ; +( f/2.303)z;dep

(10)

with j= M*, A"and K = yj’orgKS’j/yj (: yj'mgK[S)f‘J(x/yj ) . This expression can
be an overall one about Kp; = [/lor/[/]. Table 3 summarizes variation of Equa-
tion (10) based on the conditions of 7, L., and dep. These equations can be clas-
sified into two groups in whether the equation contains the dep term or not. So
this difference can give the larger difference in logKp, between the two groups,
such as Equations (10), (T3), (T4), and (T7) and Equations (6), (T5), (T6), and
(T8). In particular, we can expect that differences in value among Equations (6),
(T5), (T6), and (T8) are the smaller than those among Equations (10), (T3),
(T4), and (T7), since log(y// pjors) = £0.1 and |dep/0.05916| = 1 to 3, as estimated
above (the section 3.5).

Based on Equation (10) or (T1), we can handle the above data for the w/NB
systems as follows. Using the relation
42=logKg" +(f/2.303)z;x0— Az} f (0)+ Az: x0¥* =log K5’ +0-0+0
with A = 0.5114, b= 0.3, and Axs = 1.725 at j = BPh, , we immediately obtained
logKg" =42 at z = —1. From 6.3=4.2—(f/2.303)v— Af (x)+ A,u"’, the
-16.90v - Af(x) + Axst? term at 298 K was obtained to be 2.1 at z; = —1. Also,
using 5.6+ Af (0)=4.2—(f/2.303)v+Agu"?, the ~(#2.303)v + Awpu'? term
equals 1.4 with 5.6 =log K;{gpm =4.2-16.90v+1.725u"?. These cases suggest
that the former of 6.3 is log Kg{gm {Equation (10) or (T1) in Table 3} and the
latter of 5.6 is log K;{UBF,h4 {Equation (T4)}. Strictly speaking, it is difficult to
compare 6.3 with 5.6.

Similarly, the relation —1.4 =log K[S:A} +0-0+ Ay x0"% gave 1.4 as log K[S:/‘}
with Apce = 10.63 at j =BPh, . For
5.396(= log Ko it ) = 14— (1 /2.303)v— Af (0.87)+ Apce x0.0086", dep (= 1)
became —0.35 V with 5.396 + 0.5114/0.87) — 10.63 x 0.0086"? = 4.52;, = -1.4 -
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16.90vat b = 0.3 and 298 K: see Appendix C for the estimation of 7= 0.86; and
Ioce = 0.0086. The absolute value of this dep was in good agreement with the £,
value (=0.358 V) reported by the polarographic measurements at the w/DCE in-
terface [20]. Moreover, from 6.13=-1.4—(f/2.303)v-0+ ApceU¥? | the
—(£12.303) v+ Apcgu'? term at 298 K became 7.5 with

6.13+ Af (O) =-1.4-16.90v+10.63u”?. As similar to the w/NB results, the for-
mer of 5396 + A0.87) — Apce x 0.0086" (= 4.53) is logK{ gy, {Equation
(T7)} and the latter of 6.13 is log K;{gphd {Equation (T4)}. Therefore, we cannot
directly compare 5.396 (or 4.53) with 6.13.

A half-wave potential for the Cs* transfer across the w (1 mol/L MgSO,)/
oDCBz(0.05 CVBPh,) interface has been reported to be 0.12 V at 298 K [6]. It is
well known that this value is generally close to the standard electrode potential
(namely, its free energy) in electrochemical measurements. Reducing its value to
logKp,cs, it corresponds to —2.03. So, using log K3, =-5.9; (see Section 3.5)
based on the average value in Table 2, the following relation holds:
—2.03(=log Kg&/" ) ~ ~5.9; +( f /2.303)v — Af (0.87) + Apcg,u?” . Hence, the re-
lation 16.90v + 11.31"* = 4.0 was obtained with
~2.03+ Af (0.87) =-1.91~ log K3/, = -5.9, +16.90v +11.3u">. Here, we were
not able to estimate the dep and Zpcs, values, because the Kuaopcs, value for
MA =CV'BPh, (the supporting electrolyte) in the oDCBz phase had not been
found [6].

As another example, the log Kgf/gs value has been reported to be —6.35 [21]
for the CsPic distribution into DCE at 298 K. Similarly, the relation
log Kp ¢ + Af (X) = Agee™? = =6.3; = log K/, = 4.6, +16.90v holds. So, we
can estimate its dep (=v) value to be —0.1 V at 298 K. In these cases, the former
of —2.03 + A£0.87) is approximately log KE',{(O: {Equation (T4)} and the latter of
—-6.35is log K,?CS {Equation (T7)}.

Thus, these results support the above understanding about the conditional
Kpepn, OF Kb and self-consistently suggest that their values are functions [16]
(22] containing dep, f and Ly, that is, Kpge, =K, (y_ /Y- org )exp(— fdep)
or Kpe, =Kpe (y+/y+,org)exp( fdep) . Also, the condition of dep = 0 V gives
K[S),BPh4 = Kg?/‘épm (yf / yﬁorg). From such an equation, we can see that the ap-
parent [ or L., values, such as [supporting electrolyte],, [MA];, and [MA]; o, are
not effective for estimating KS, A (or K;M ), but their practical 7 or L., values
become more effective. This indicates that comparing such conditional Kp.» and
Ko values is very difficult. Especially, it is very important for evaluating the
Kppens value, because BPh;, is the standard material in the dep(}' determina-

tion, as described in the introduction.

4. Conclusions

The logK.x and log K org Values were well expressed by Equation (8a) with /and
Equation (9a) with I, respectively. Now, it is unclear why the experimental A

and A, values are much larger than their theoretical ones. Also, the MA distri-
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bution experiments based on the V,,/V variation provided us a procedure for
the K3, or K[S)v 5 determination under the constant condition of /, namely
"TA"] = Y[M*] = a constant value. So, in the single MA distribution, we could get
the experimental procedure without the addition of any ionic strength condi-
tioners (ISC) into the w phase. Besides, by introducing KSE:/;,I , Kg‘",{,? , Or KS?,(,'X
in the Kpwm expression, a possibility for interpreting differences among various
experimental values of Kpn or Kp s was shown with Equation (10). The effect of
the activity coefficients terms for both the phases on the K[S:/; determination
was smaller than that of the dep term at least. This result indicates that the
Iog(KEX’E\"1 / Kgfﬂ'z) term is approximately proportional to the —(dep®®! — de-
p®®'2) one by using Equation (T7) for the same A~ and diluent. In comparing
various experimental Kp s or Kpwm values, readers need a suitable attention to the
experimental concentrations of the salts, the supporting electrolytes, and ISC
added in both phases. So, it is difficult to critically evaluate various Kpm or Kp,a
values without such a precise description of experimental conditions.

From the above, we propose a clear description of the /and /., conditions in
the distribution experiments at least. If possible, ion-pair formation or ion asso-
ciation data for the supporting electrolytes or ISC in the phases should be also
added.
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Appendix A

We derived Equation (3a) as follows. First, the following reasonable conditions
in the present distribution system were assumed for the derivation: (C1) dep. =
dep_, (C2) Ko = K, and (C3) K3, =K, K, _.

(A) Derivation of a basic equation starting from (C1). Next, we obtained from

Equation (3) the relation
dep!’ +(2.303/ f )log K, =dep® —(2.303/f )log K, _ (A1)

with f= FRT. Applying (C3) to this relation and rearranging it, the following

equation was derived.
2303/ )log K, = (dep” —dep?” ) /2 (A2)

(B) Derivation of another equation based on (C2). Similarly, using
(2.303/f)log K3, =dep”, we rearranged Equation (3) as

(2.303/ f)log K, _ =(2.303/f )log K, , =dep® —dep_. (A3)

Introducing Equation (A3) in dep, =dep? +(2.303/f)logK,, {another
expression of Equation (3)}, we can immediately obtain
dep, =dep? +dep” —dep_ under the condition of (C2). Rearranging this equa-
tion based on (C1) can yield

dep, =dep_= (depi' +dep” )/2 (A4)

Here, we define (depg' +dep”’ ) / 2 as dep: and accordingly this means dep, =
dep- = dep:.
Lastly, adding Equation (A2) in Equation (A4) in each side and then rear-

ranging it give the equation
dep, =dep® —(2.303/f )logKp . . (A5)

Also, subtracting Equation (A4) from Equation (A2) in each side and then

rearranging it give
dep, =dep? +(2.303/f )log Ky . . (A6)

These equations, (A5) and (A6), are applicable to the MA distribution system
with the univalent anion A~ and that with the cation M", respectively. Therefore,
the combination of Equations (A5) and (A6) becomes Equation (3a) with the
relations of dep® =(2.303/f)logK5_ and dep? =-(2.303/f)logKg, .

Appendix B

The Lpcs, value for the oDCBz solution in 0.01 mol/L CA and the /value for the
0.0035 mol/L Li,SO4 solution were estimated in the following way. Here, the
symbol CA means PNP*DCC" [5], p-nitrido-bis(triphenylphosphorus)
3,3-como-bis(undecahydro-1,2-dicarba-3-cobalta-closododecarbo)ate. The asso-
og T Agy = CA,, in the oDCBz (= org) solution
of 0.01 mol/L CAat 295 K has been reported to be 2 x 10* L/mol from conduc-

ciation constant (Kcaerg) for C

DOI: 10.4236/ajac.2020.111003

a4 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2020.111003

S. lkeda et al.

tivity data [5]. From the quadratic equation for [C*]og (= [A7]org), therefore, we
obtained

], /mol e {(1+ 0.04Kep o) - 1} /2 Ko = 00020 (A7)

with Kcs = 2 X 10°. This [C*]o, value basically equals the Zpcs, one.

Similarly, the association constant (K|, ) for Li +S07 = LiSO; in the
aqueous solution of /= 0.244 mol/kgat 298 K has been reported to be 10°7
kg/mol [23]. Therefore,

[Li*]/mol- L < {(1+ 0.0140K 5o, )”2 —1} /2Ku304 =0.0033; ~[SO; | (A8)

with Ky, #13 L/mol and 7= 0.010, mol/L under the condition of [LiSO.]; =
0.0035 mol/L [24] in the w phase at 298 K.

On the basis of the above calculation, the log Kg{;ic value (= —2.277 [5]) was
changed into the log K,? pic one as follows. According to Equation (T7) in Ta-
ble 3, the relation

log K% 5o ~ 10g KY%, + Af (x)— Ay, (u) ~ log K4, ~16.90v (A9)

holds in this case at 298 K. Using x = 0.010, mol/L and u = 0.0020 with 5 = 0.3
for the oDCBz systems, we immediately obtained

log Kiyeie = 10g Kg5e/® —0.46, = —2.277-0.46, =-2.73, . This value was as-
sumed to be that at J/and Ipcs, > 0 (see the text) and then employed for the
logKy,, evaluation with logKpy,, =2logKy,, —logKy s, =2logK, , +2.73,
in this study. Also, the dep values at 298 K in Table 2 were calculated from the
rearranged equation of Equation (3a):

dep =0.05916(log K, . —log K3 ). (A10)

Appendix C

As similar to Appendix B, the 7/ and Ice values for the w(l mol/L
MgSO,)/DCE(0.05 CVBPh,) system were evaluated. The thermodynamic associ-
ation constant ( K,?,,A) for Mg* +SO‘2[ = MgSO, (=MgA) in water at 298 K
has been reported to be 135 L/mol [24]. With the successive approximation me-
thod, its [Mg**] (=[SO‘2[ 1) in the total concentration, [MgSO4]: = 1 mol/L [20],

can be evaluated to be 0.21; mol/L, which was calculated from the equation
[Mgz+]:{(1+4KMgA)M —1}/2KMQA. (A11)

Consequently, the 7 (=4[Mg?']) value of the aqueous BPh, solution with 1
mol/L MgSO, became 0.86; mol/L at which Kyga was estimated to be 16.7 L/mol.
In this computation, the Kyga value was evaluated from
10g Kyga =109 Ky —2><0.5114><(+2)2 x f(1). Accordingly, logy- = ~0.114 at /=
0.86, was approximately obtained from —0.5114><(—1)2 X {Il/z/(1+ Il/z)—O.BI}
for the BPh, solution. Here, the symbol Ky denotes the concentration equi-
librium constant. The estimated log y- value suggests the ion-pair formation of

BPh, in water.
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Similarly, the association constant (Kcvapce) for CVpee +Apee = CVA ¢
in the DCE solution of 0.05 mol/L crystal violet cation CV* with A~ =BPh; at
298 K has been reported to be 560 L/mol [20]. Therefore,

[V Jogg fmol- L2 =[A7 ]

v (A12)
_ {(1+ 0.20K cyp et ) —1} /2KCVADCE — 0.0086,

which equals the Icg value.
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