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Extraction constants for lead picrate, PbPic,, with 18-crown-6 ether (L) from aqueous solutions at a narrow range
of ionic strength (I) into eleven diluents were determined at 298 K by AAS measurements. These constants were
defined as Key = [PbLPic]o/([Pb?T][L]o[Pic™]?) and Kex. = [PbLPic"][Pic™|o/([Pb?T][L]o[Pic™]?), where the
subscript “0” denotes the organic phase (or diluent). The ratio, Kex/Kex+, gave an ion-pair formation constant
for PbLPic*, + Pic” o=PbLPic,, at the averaged value of ionic strength (I,) of the organic phase. A plot of log
Kex+ versus log Kp pic yielded a straight line with the slope of 2.1 in a series of the diluents employed; Kp pic
refers to an apparent distribution constant of Pic~ between the aqueous and organic phases and its values
were experimentally determined. The slope indicated that Kex is mainly controlled by the square of Kp pic
when a thermodynamic cycle is assumed. The extraction constant based on the cycle was expressed as
Kexy = (I(D,pic)zKDYMKMngK]mg, where Kp mKworgKi org denotes the product of other component equilibrium-
constants. Moreover, the relation of log Kp pic = alog (I,/I) + b was experimentally found at a =~ 1 and then
an example of b was expressed theoretically. It was shown that Pb(II) can be separated from mixtures with

18-Crown-G ether Cd(Il) in unit operation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is known that crown compounds (L) extract divalent metal ions
(M2™), such as alkaline-earth metal ions, Pb>*, Cd?>*, and Hg? ", with
picrate ion (Pic™), SCN™, or NO3 into various diluents [ 1-11]. Recently,
the authors have reported in this journal an extraction of CdBr, and
CdPic, by 18-crown-6 ether (18C6) into various diluents, such as 1,2-
dichloroethane (DCE), dichloromethane (DCM), chlorobenzene (CBz),
and m-xylene (mX) [6]. In this study, the following component equilib-
ria, (i)-(v), were introduced in analysis of an overall extraction equilib-
rium: (i) a first-step ion-pair formation of Cd(18C6)?™ with Br™ or an
overall ion-pair formation of Cd(18C6)?™ with Pic™ in water, (ii) a
distribution of A~ between water and the diluent at A~ = Br™ and
Pic ™, (iii) that of Cd(18C6)Br* or the distribution of Cd(18C6)Pic, be-
tween them, (iv) a second-step ion-pair formation of Cd(18C6)A™
with A™ in the diluent phases, and (v) the first-step ion-pair formation
of a free Cd®> ™ with A~ in water.

By the determination of equilibrium constants corresponding to
these component equilibria, more detailed analysis of the overall

* Corresponding author at: Department of Chemistry, Faculty of Science, 1-33 Yayoi-cho,
Inage-ku, Chiba 263-8522, Japan. Tel.: 481 43 290 2786.
E-mail address: iakudo@faculty.chiba-u.jp (Y. Kudo).

0167-7322/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molliq.2014.01.017

extraction equilibrium has been performed [5,6]. For example, the
second-step ion-pair formation constant (K, o) for the benzene (Bz)
saturated with water was largest of those for the other diluents
employed [6] {see process (iv) above}. Also, it was demonstrated that
extraction-abilities, expressed as Kex .. (see below), for Cd(18C6)Br™
are actually controlled by the distribution-abilities, expressed as Kp a,
for Br~ among the diluents [6] {see process (ii)}. However, such studies
have not been major for the extraction of M2 by L into the diluents; the
extraction of CdPic, by benzo-18C6 into benzene (Bz) has been reported
in ref. [5].

In the present paper, in order to expand this kind of extraction study
to other M(II) system, we determined overall extraction constants, such
as Kex and Kex 4., for the PbPic,-18C6 system and the apparent distribu-
tion ones, Kp pic, of Pic™ into various diluents which contain nitrobenzene
(NB) with a high polarity. Here, these constants have been defined as
Kex = [PBLPicy]o/([Pb? *[LIo[Pic™|*), Kex+ = [PbLPic™ Jo[Pic™ Jo/([Pb?*]
[L]o[Pic™1?) [6,12] at L = 18C6, and Kp pic = [Pic™]o/[Pic™] [6,12] and
the subscript “0” denotes an organic phase composed of a diluent saturat-
ed with water. By using the equilibrium constants thus determined,
characteristics of the Pb(II) extraction systems with 18C6 were discussed,
compared to those [6] of the Cd(II) systems. Unfortunately, the equilibri-
um constants for the component equilibria, (i) and (iii), were not exper-
imentally determined here.
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2. Theory
2.1. Model for sub-analysis of overall extraction equilibrium
We employed here the following model for analyzing overall extrac-

tion equilibrium which is fundamentally expressed by the two extrac-
tion constants, Kex and Kex - [6,12]:

L=L, : Kp, is defined as a corresponding equilibrium constant, (1)
M* 4 L=ML*" : Ky, (2)
ML*" +2A” =MILA, : KK, 3)
MLA; =MLA, ; : Kp miaz: (4)
MLA o =MIA", + A, - (Kporg) (5)
MLAT=MLA", : Kp pias (6)
A=A :Kpy, )
H' + A" =HA: Ky, (means K,”" of HA), (8)
HA=HA, : Kp . 9)
and

M*" + A" =MA" : Kys. (10)

However, we could not determine in this study the equilibrium
constants of Processes (3) and (4) and, instead of them, used Keyjp =
[MLA, ]o/[ML? *][A™]? (= K1 KxKp pmraz) for discussion, where Key i, is or-
dinarily called an ion-pair extraction constant [2-4] and K;K> equals
[MLA,)/[ML?>T][A~]? [6,12]. This means lack of processes (i) and
(iii) in the Introduction. Also, the Kp 4 value of Process (6) was not de-
termined. Because of such lack, we expressed here the analysis of the
present overall extraction equilibria as “the sub-analysis”, compared
with that of the Cd(II) system [6].

For the extraction into nitrobenzene, NB, besides, the following com-
ponent equilibria [8,13,14] were added in the above model:

H'\g + A np=HAg : Kyjans (11)
H =H"\g: Kpy, (12)
X=X\ : Kpx. (7a)
and

H'\g + X np=HXyp : Kig - (13)

Here, HX denotes a strong acid, such as HNO3 and HCl, and Kp ypic
was estimated from the relation KD,HKD,PicKHPiC,NB = KHPiCKD,HPic-

Details of the derivation of [M2*], [L],, and [A~], which are
expressed as functions [6,12] of the component equilibrium constants
corresponding to Processes (1) to (13), are described in Appendix A.

2.2. For determination of the extraction constants for mixture with M(1I)

According to our previous papers [6,12], the extraction constant for
mixture of MLA, and MLA™" in the diluent has been actually defined as

Ko™ = (IMLAJ, + [MLAT] ) /([M**](L[A 7). (14)

where the presence of ML?2* and ML,A, in the organic phase was
neglected: that is, [MLA,], + [MLAT], > [ML2"], + [ML,A;],. This
equation is rearranged into the two forms:

Kex™ = Keg + Ko p/ ([M*] L[A7]) (14a)
K+ VR (1871 VP T ). (14b)

Since the [M2 "], [L]o, [A~], and K% values are calculated from ex-
perimental data by a successive approximation, one can determine the
Kex and Kpa or Kex values in terms of a regression analysis of the
plots of log K%* versus — log ([M?*][L][A™]) or — log {[A"]([M?¥]
[Llo)"/2}, respectively [6,12].

3. Results and discussion

3.1. For the composition-determination of species extracted into the
diluents

Compositions of the species extracted into the diluents were deter-
mined in terms of plots of log (D/[A™]?) versus log [L],, as described pre-
viously [2-6,10,12]. Here, D was experimentally obtained from
[analyzed total-concentration of Pb(II)],/{[initial concentration of
Pb(II)] — [analyzed total-concentration of Pb(II)],}. Thus, [the analyzed
total-concentrations of Pb(II)], can mean mixtures of the species with
Pb(II), because their total concentrations of Pb(Il) were determined by
AAS measurements. If the ratio of Pb?>*:L is 1:1, then the slope of the
plot should be close to unity. A ratio of A~ to Pb>*:L (=1:1) also can
be supported by a counterbalance in charge between Pb>* and A~
and is accordingly reflected to the exponent of [A™] in D/[A™]%. This
has been verified experimentally [2,12]. In addition, the conditions of
1> rand 1 > s were assumed in the equation of log (D/[A™]?) =
log {[(1 + r)/(1 + s)] x Dm/[A™]?} = log [L], + log K&* with r =
(IMLAT], + [ML?**], + [MLyA;]o + +)/[MLA]o, s = ([ML**] +
[MAT] + [MLAT] + ~)/[M?7], and Dy = [MLAs]o/[M? "] [2-4,12].
As a first diagnosis, hence, one can estimate extraction-abilities
and -selectivities of L, A~, or diluents against M>* from the log K&*
values, which are intercepts for the plots of log (D/[A™]?) versus log [L],.

The experimentally obtained slopes of the above plots were 0.67
for the extraction into NB, 1.05 for 1,2-dichloroethane, DCE, 0.91
for o-dichlorobenzene (oDCBz), 1.18 for dichloromethane, DCM,
0.80 for 1-chlorobutane (CBu), 0.96 for chlorobenzene, CBz, 0.95
for bromobenzene (BBz), 1.06 for chloroform (CF), 0.93 for benzene,
Bz, 0.98 for toluene (TE), and 0.92 for m-xylene, mX. These diluent
systems, except for the NB, DCM, and CBu ones, indicated the extrac-
tion of Pb(18C6)Pic, as the major species.

As examples, Fig. 1 shows the plots for the Pb(II) extraction into NB,
DCM, CBu, and Bz, together with the calculated straight lines which
have the hypothetical slope of unity for the NB, DCM, and CBu systems.
The value of the slope for the NB system reflects a dissociation of
Pb(18C6)Pic, into Pb(18C6)Pic™ (and Pic™) in the lower [18C6]ns
range [6,12]. The fractions of Pb(18C6)Pic™ against the total amounts
of the Pb(II) species extracted into the NB phases were in the range of
0.37 to 0.73 {see Eq. (A10) in Appendix A}. As shown in Fig. 1, the
value for the DCM system suggests a formation of Pb(18C6),Pic, or
[Pb(18C6)Pic,], in the higher [18C6]pcy range [5,15], while that for
CBu does a dimerization of 18C6 itself in the higher [18C6]cp, range
from its shape of the plot [16]. The former was predicted from a gradual
increase in the slope (>1), while the latter was done from a gradual
decrease in the slope (<1). In the determination of K.y and Key . for
the NB, CBu, and DCM systems, the formation of Pb(18C6)Pic, and
Pb(18C6)Pic™ with Pic™ was assumed and then their data were curve-
fitted using Eqs. (14a) and (14b).
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