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The effect of the picrate (pic™) ion on Eu(lll) extraction with a diamide (da) from aqueous nitric acid (0.001—0.1
mol dm™>) solutions into benzene was clarified on the basis of the stoichiometry of ion-pair extractions by analyzing the
distribution data of Eu(Ill) and picric acid (Hpic). The extraction of Eu(Ill) with da was extremely enhanced by adding
a hydrophobic anion of pic™ to the liquid-liquid system. From analyses of the distribution data of Eu(Ill) and Hpic, it
was concluded that the effect of the hydrophobic anion was caused by the extraction of a single ion-pair of [Eu(da),]-
(pic)s. The nitrate ion had no relation with the cooperative effect of da and pic™, i.e., the extraction of [Eu(da);J(NO3)s,
[Eu(da);](pic)(NO3)2, and [Eu(da);](pic)(NO;) was practically negligible as against the [Eu(da);](pic); extraction. The
cooperative effect was reduced by an increase in the aqueous HNO; concentration, which was induced by a decrease in the
pic™ concentration in the aqueous phase; the dissociation of Hpic into pic™ ion was suppressed by an increase in the H*
concentration, and a part of molecular Hpic was extracted into the organic phase. Furthermore, the extraction of Hpic was
also enhanced by an increase in the da concentration in the organic phase, which also induced a decrease in the aqueous
pic™ concentration. This was found to be due to the formation of a 1: 1 complex between da and Hpic. However, the
extraction of the complexes between da and HNO; was negligible in the acid concentration range in the present study.
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In our laboratory, new extractants that are potentially use-
ful for a separation process of both actinides and lanthanides
from aqueous nitric acid solutions in the nuclear-fuel cycle
are being studied. A diamide, which can work as a bidentate
extractant, is one of the most hopeful new extractants for this
purpose, especially from the viewpoint of its perfect com-
bustibility and nontoxicity.' ' However, the extractability
of diamide is generally not very high. In order to improve
the extractability, the cooperative effect of a diamide and a
hydrophobic anion on the extraction of europium(Ill) was
examined in the present study. The picrate ion, which is
well-known as a bulky and hydrophobic anion, was chosen
as such. Picrate ions work very effectively, indeed, on the
europium(Ill) extraction with the diamide as counter-ions for
a europium(Ill}-diamide complex cation, which is similar
to the ion-pair extraction with a stable and bulky cobalt(IIT}
dicarbollide anion developed as a novel extractant.'" The
mechanism of the anion effect has been clarified by analyz-
ing the data of the distribution of europium(Ill) and picric
acid between aqueous nitric acid solution and benzene.

Experimental

All of the chemicals were of reagent grade. A bulky diamide
(da), N,N'-dioctyl-N,N'-dimethyl-2-(3-oxapentadecyl)propane-1,3-
diamide, which was originally synthesized by Wako Pure Chemi-
cal Industries Ltd., Japan, was used in the experiments; the purity,
determined by liquid chromatography, was 99.4%. Nitric acid
and picric acid (Hpic) in aqueous solutions were standardized by
titration and spectrophotometry, respectively. The experiments in

the present study were carried out at 298 K. The experimental
procedure was as follows. An aqueous nitric acid (0.001—0.1
mol dm™?) solution containing 6.6x10~® moldm™ (1 ppm) Eu-
(Il) and Hpic (0.001—0.01 mol dm'3) and the same volume of a
benzene solution containing da (0.01—0.1 mol dm™?) were placed
in a stoppered glass tube; for experiments at a high Hpic concen-
tration (0.1 mol dm_3), Hpic was dissolved in benzene, since the
solubility of Hpic in benzene is much larger than that in water.
The two phases were vigorously agitated for 15 min, and then cen-
trifuged. The concentration of Eu(Ill) in the aqueous phase and
that in the organic phase after being stripped into an aqueous oxalic
acid solution were measured by means of an ICP-mass spectrome-
ter (Fisons, PQS2). The concentration of Hpic and that of HNOj in
both phases were also measured. These acids in the organic phase
were back-extracted into an aqueous sodium hydroxide solution.
The concentration of picrate (pic™ ) was determined by means of a
UV-visible spectrophotometer (Shimadzu, UV2200); £ = 13400 at
A = 380 nm in water. The concentration of NO3;~ was determined
by ion chromatography using an aqueous potassium hydrogen ph-
thalate solution; the details were given in a previous paper.'> The
concentration of da in the aqueous phase was also checked by liquid
chromatography using a methanol-water eluent.

Theoretical

Extraction of Eu(Ill) by Only Diamide. = When picric
acid (Hpic) is absent in the liquid-liquid system, the Eu-
(II) ion, coordinated with the diamide (da) molecules, can
be extracted together with NO;~ ions; since the valence
of europium is 3+, three NO3; ™ ions are accompanied by a
Eu(Ill)-da complex cation. Hence, the equilibrium for the
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Eu(Ill) extraction with da from an aqueous HNO; solution
can be written as:

Eu™ + xdagyg + 3NO;~ 2 [Eu(da)y] (NO3)3org)
(=123,

([Eu(da)x](NO3)3 Jorg
{Eu**}[da]o*{NO3;~}3’

where the subscript “org” denotes the species in the organic
phase, ‘while the lack of a subscript denotes those in the
aqueous phase. The activity of ions in the aqueous phase
is expressed by {  }. For electrically neutral species, i.e.,
molecules and ion-pairs, in both aqueous and organic phases,
an activity correction is not made. Because it is not very
important, since there is no effect of the ionic atmosphere
by the Coulomb force on such neutral species,”® details of
the question will be considered in Results and Discussion.
When aqueous HNO; concentration is not higher than 0.1
mol dm—3, the hydration terms do not have to be taken into
account, because the water activity (ay) is approximately
constant at one; a,%3( = a,,°®) = 0.9979'*~ 1 when the total
aqueous nitric acid concentration ([HNOs];) is not higher
than 0.1 moldm~3. Thus, hydration of the species in the
liquid-liquid system is not expressed in the equilibria in the
present study. The distribution ratio of Eu(Ill) can be written
as:

ey

Kex,da =

[Eu(NO3)3]org +x§=:l [[Eu(da)x}J(NO3)3]org
{Eu™}
Z Kex da [da]orgx{NO3 - }3 s 2)

x=1

Dy, =

%

where the extraction of Eu(NQ;); into benzene is negligible
as against that of [Eu (da),]J(NO;);. From this equation,
the distribution ratio of Eu(Il) is in proportion to {NO;~ }
raised to the third power, when [daly is constant. On the
other hand, when {NO; ™} is constant, the distribution ratio
of Eu(lll) is in proportion to [da], raised to the power of
the binding number of da, x. The Eu(Ill} distribution data
can be analyzed by means of Eq. 2 to determine the number
of x and the overall extraction equilibrium constant.

Extraction of Eu(lll) by Only Picrate Ion. - When the
diamide (da) is not added to the liquid-liquid system, Eu(IlT}
can be extracted as its picrate into benzene. Hence, three
pic™ ions are accompanied with a Eu(Ill) ion:

Eu’ +3 pic” = Eu(pic)sorg
[Eu(pic)s]org

Kex Hpic = W}_} . 3)
The distribution ratio of Eu(Ill) can be written as:
Dg, = [EU(NO3)3]0rg +[Eu(pic)3]org
{Eu*}
& Kex,Hpic{pic—}3 , 4

where the extraction of Eu(NOs); into benzene is negligible
as against that of Eu(pic);. From this equation, the distribu-
tion ratio of Eu(Ill) is in proportion to {pic™ } raised to the
third power.

Effect of Picrate Ion on Eu(lll) Extraction with Diamide

Cooperative Extraction of Eu(Ill) by Diamide and
Picrate Ion. The effect of the hydrophobic anion of
pic™ can be caused by the following ion-pair extractions:
Eu™ +p dawrg + g pic” +r NO3~ 2 [Eu(da)p)(pic)g(NO3)rorg)

(P = 172737"'7 q = 17273v r= 0a172)

[[Eu(da)p](pic)g(NOs3)rlorg
{Eu’* }dajor? {pic~ }9{NOs~}" -

The distribution ratio of Eu(Ill) can be written as:
[Eu(pic)s]ors + E][[Eu(da)x](N 03)3)org
X=
{Eu*}

5

Kex,da-Hpic =

DEu ~

=0[[Eu(da)p](pic)q (NO3)rlorg
{Eu™}
= Kex,HpiC{piC- }3 + Z Kex,da[da]nrgx{NO.? B }3

x=1

+ Z Z Z(Kex,da-Hpic [da]orgp {PiC— }q{NO3 B }r) 5 (6)

p=1 g=1 r=0

=1g=1r:
+P q

where the extraction of Eu(NQO;); is negligible.
Distribution of Picric Acid.  The dissociation of Hpic

into pic™ is suppressed by an increase in the H* concentra-

tion, and a part of molecular Hpic is extracted into benzene.

Hpic &= Hpic(org)
[Hpiclor
[Hpic] -

N

KaHpic =

When the diamide (da) is absent, the distribution ratio of
Hpic can be written as:

Do = [Hpiclorg
Hpie {pic—} + [Hpic]
_ Kanpie{H'}
T K.+{H'} ~ ®
From this,
Dygic(Ka+ {H'}) = Kgupie{H'} , )]

where {H*} ( = m.[H*]) is the activity of H*, and K, (=
{H*}{pic™ }/[Hpic]) is the dissociation constant of Hpic in
the aqueous phase; y. is the activity coefficient, and [H*]
can be obtained by the relationship [H*] = [NO3;~]+{pic™]
(charge balance in the aqueous phase). The distribution con-
stant of Hpic, Kg upic, can be obtained by using this equation.

Complex Formation between Diamide and Picric Acid.
The complex formation equilibrium between the diamide
(da) and Hpic in the organic phase can be written as:

m da(mg) +n HpiC(org) = (da)m(Hpic),,(o,g)
(m= 172»37"'5'1: 172737"')

[(da)m(Hpic)norg
com,da-Hpic = ———— . 1
Keom da-ty [da]orgm[lec]orgn 19
Thus, the distribution ratio of Hpic can be written as:

[Hpiclorg + Zl Zl nl(da)m(Hpic)n Jorg
m=1ln=

{pic~} + [Hpic]

D Hpic =
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= Kd‘Hpic{H+}
[1+ Z Z n Kcom.da-Hpic(Kd‘Hpic{H+}{pici })n—l [da]orgm]

m=1n=1 R
Ko+ (H'} - 4D

X

From this, the following equation can be obtained:

DHpic(Ka + {H+})/(Kd.Hpic{H+}) -1 =
33" 1 Keomda-tpic(Kampie {H }Hpic™ })" ' [dalo™ . (12)

m=1 n=1

Results and Discussion

Cooperative Effect of Diamide and Picric Acid on
Eu(Ill) Extraction.  Figure 1 gives the distribution ratio
of Eu(Ill) as a function of the aqueous HNO; concentration
at various picric acid (Hpic) concentrations. The picric acid
was added to the liquid—liquid system in the initial concen-
tration, [Hpiclipit, from 0.001 to 0.01 mol dm™3, while the
total concentration of the diamide (da) in the organic phase,
[dalog,, was fixed at 0.1 mol dm™3. The circle key in this
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Fig. 1. Distribution ratio of Eu(Ill) as a function of [HNOz];
at various picric acid concentration initially added to the
system ([Hpiclini;) when {da]gg, is fixed at 0.1 mol dm™*
[Hpiclinic = (a) 0.001, (b) 0.002, (c) 0.004, (d) 0.006, (e)
0.008, and (f) 0.010 moldm—>. The solid lines indicate
calculated values by using the equilibrium constants in Ta-
bles 1 and 2.
©:0.1 moldm ™~ da + 0.001—0.010 mol dm™—* Hpic,
A:only 0.1 moldm™ da,

««s« 2 only 0.1 mol dm~? da (calculated values),
---:only 0.01 mol dm ™~ Hpic (calculated values).

Bull. Chem. Soc. Jpn., 73, No. 3 (2000) 625

figure indicates the experimental data of the cooperative Eu-
(II) extraction by da (0.1 mol dm~—3) and Hpic (0.001—0.01
moldm™3), and the triangle key indicates the experimen-
tal Eu(Ill) extraction with only 0.1 moldm—3da. The solid
and dotted lines indicate the calculated values by using the
equilibrium constants, Kex da-tpic and Kex ga, in Table 1, re-
spectively; the process of determining these values is shown
below. The chain line indicates the calculated Eu(Ill) extrac-
tion with only 0.01 mol dm~>Hpic; since to obtain the data
in such a low distribution range is difficult, only a line calcu-
lated by using the extraction equilibrium constant of Eu(IIl)
picrate, Ky ppic, that was obtained at high Hpic concentration
(0.1 moldm™?), is indicated. As can be seen from Fig. I,
the extraction of Eu(lll) with da was greatly enhanced by the
addition of Hpic; however, the extraction of Eu(Ill) with only
da or Hpic was quite small.

Extraction of Eu(Ill) by Only Diamide. Figure 2 shows
the distribution ratio of Eu(Ill) with a sole extractant of da,
whose concentration was fixed at 0.1 mol dm 2, as a function
of NO3;™ activity, {NO3;~}. The activities of the NO3;~
ion were calculated by using the Debye—Hiickel theoretical
equation; 3 A was employed as an ion size parameter for
NO;~ in this equation.’® From this figure, the number of
NO; ™ ions, extracted with a Eu(Ill)-da complex cation, was

Table 1.  Extraction Equilibrium Constants of Eu(IIl) Ob-
tained by Analyzing Eu(Ill) Distribution Data
30 error for each constant is also shown.

Equilibrium constant
KexAda-Hpic =7.10 x 10" (£5x ]09)
Kexda=1.17 x 10" (£5x 107"
Kexhpie = 1.25 x 100 (£5x 107h

Extracted species
[Eu(da);](pic)s
[Eu(da); [(NO3)s
Eu(pic)s

-5.5F 1

1 i L L s 1

.5 -1.
log {(NO,}
Fig. 2. Distribution ratio of Eu(Ill) as a function of {NO; ™}

at a fixed [da]or, to be 0.1 mol dm >,

-1 0
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found to be three, as is evident from Eq. 2.

Figure 3 gives the distribution ratio of Eu(IIl) as a function
of the da concentration at [HNO3]; =0.1 moldm~3. From
the slope of the plot in this figure, the binding number of da
to a Eu(Ill) ion, x, was found to be two. From analyses of the
data in Figs. 2 and 3, the value of K,y ga for the extraction of
[Eu(da), J(NO3); was obtained as shown in Table 1.

Extraction of Eu(Ill) by Only Picric Acid.  Figure 4
gives the Eu(Ill) extraction from aqueous HNO; solutions
(0.01—0.1 mol dm—?) with only Hpic (0.1 mol dm™~3 added
as initial concentration) as a function of the pic™ activity in
the aqueous phase, {pic™}; since the dissociation of Hpic
into pic™~ is suppressed by an increase in the H* concentra-
tion, and a part of molecular Hpic is distributed to the organic
phase, the change in the aqueous HNOj3 concentration pro-
duces a variation of {pic™}. The concentration of pic™ in
the aqueous phase, [pic™], was directly determined by mea-
suring the pic™ absorbance at 380 nm; molecular Hpic has
no absorption at this wavelength. An activity correction for
the pic™ ion was also made by using the Debye—Hiickel the-
oretical equation; 7 A was used as an ion size parameter for
pic™ ion in this equation.'> From Fig. 4, the number of pic™
ions extracted with a Eu(Ill) ion was found to be three, as is
evident from Eq. 3. The value of Kex npic was also obtained
as shown in Table 1.

Stoichiometry of the Cooperative Extraction by Di-
amide and Picrate Ion. Figure 5 shows the decrease
in {pic”} by an increase in [HNO;]; from 0.001 to 0.1
moldm™~ at [da]oy, = 0.1 moldm™3, which is given as a
function of [Hpiclin; {pic™} was determined for the same
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108 [ da ]org,t

Fig. 3. Distribution ratio of Eu(Ill) as a function of [da]oc,
at a fixed [HNO;3]; to be 0.1 moldm™>.

Effect of Picrate Ion on Eu(Ill) Extraction with Diamide
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log { pic” }
Fig. 4. Distribution ratio of Eu(Ill) as a function of {pic™ };
[Hpiclinit is fixed at 0.1 mol dm~3, while [HNO;), is varied
from 0.01 to 0.1 moldm~>.
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log { pic" }

L ; !
-3 -2
log [Hpic e
Fig. 5. Activity of pic™ in the aqueous phase as a function
of [Hpicinit at various [HNOs]; when [daloy, is fixed at
0.1 moldm™?; [HNOs]; = (a) 0.001, (b) 0.005, (c) 0.01, (d)
0.05, (e) 0.1 mol dm™>. The solid lines indicate calculated
values by using the equilibrium constants in Table 2.

samples as those in Fig. 1. From Fig. 5, {pic™} seems to
be very much dependent not only on [Hpic]iy but also on
[HNOs];; this should be the reason why the cooperative ef-
fect of da and Hpic is reduced by an increase in the aqueous
HNO; concentration, as can be seen in Fig. 1. The distribu-
tion ratio of Eu(Ill) plotted against {pic~} in Fig. 6 shows a
single straight line having a slope of three, which is indepen-
dent of [HNOs];; the keys in this figure, which indicate the
respective [HNQ;];, are the same as those in Fig. 5. From
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Fig. 6. Distribution ratio of Eu(Ill) as a function of {pic™ } at
afixed [da]or,, to be 0.1 mol dm™3; [Hpiclin: = 0.001—0.01
moldm ™3, [HNO;], = O 0.001, A 0.005, 00 0.01, ¥ 0.05
<& 0.1 moldm 3, respectively.

this result, it is concluded that the cooperative effect is caused
by only the extraction of the ion-pairs including three pic™
ions (g = 3). In other words, the extraction of the ion-pairs
including NO3;~ ions is quite negligible as against that of
[Eu(da),](pic)s (p = 1,2,3,---), 1i.e,, r =0 in Eqs. 5 and 6.

The Eu(Ill) distribution ratio as a function of the diamide
(da) concentration was also measured at various aqueous
HNO; concentrations (0.005, 0.05, and 0.1 moldm—3) at a
fixed [Hpiclin; (0.01 mol dm~3). By plotting the distribution
ratio of Eu(Ill) divided by the third power of {pic~} against
[da]or . Only a single straight line having a slope of two was
obtained, as is shown in Fig. 7. Thus, the binding number of
da to a Eu(Ill} ion, p in [Eu(da),](pic);, was found to be two,
which was independent of the HNO; concentration. Finally,
it is concluded that the extraction of only a single ion-pair,
[Eu(da),;](pic)s, governs the cooperative effect. The binding
number of da to a Eu(Ill) ion was the same; nevertheless,
the counter ion was different, i.e., x =p = 2. The cooperative
extraction equilibrium constant of Eu(Ill), Kex da-Hpic, Which
corresponds to the extraction equilibrium constant of [Eu-
(da);](pic)s, is given in Table 1.

Distribution of Picric Acid. As mentioned before, the
cooperative effect is reduced by an increase in the agueous
HNO; concentration, which is caused by a decrease in the
pic™ ion concentration in the aqueous phase. Figure 8 gives
Duipic(Ka + {H*}) as a function of {H"}, where Dy is the
distribution ratio of Hpic between an aqueous HNO3 solution
and benzene containing no diamide (da). The activities of the
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Fig. 7. Distribution ratio of Eu(Ill) divided by the third power
of {pic™ } as a function of [da]org, at various [HNO;}; when

[Hpic]im is fixed at 0.01 mol dm™?; [HNO;], = © 0.005, A
0.05, (1 0.1 moldm .
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Fig. 8.  Dupic(Ks+{H'}) as a function of {H*} when da is

absent; {Hpiclini = 0.1 mol dm ™ = const, [HNO;], =0.01—
0.1 moldm™?.

H* ion were also calculated by the Debye—Hiickel theoretical
equation; 9 A was used as an ion size parameter for the H*
ion in this equation.'” On the basis of Eq. 9, the value of
the distribution constant of Hpic, K4 Hpic, was obtained from
the intercept of a straight line having a slope of one, which
implies no polymerization of Hpic in the organic phase; K, =
107922 (at 25 °C), which was taken from the literature,'
was introduced into this equation. The thus-obtained K spic
value is given in Table 2.

Complex Formation between Diamide and Picric Acid.
The extraction of Hpic into the organic phase is also increased
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Table 2. Distribution Equilibrium Constant of Hpic and the
Equilibrium Constant of Complexation between da and
Hpic in the Organic Phase Obtained by Analyzing Hpic
Distribution Data
30 error for each constant is also shown.

Extracted species Equilibrium constant

Kappic = 1.23 x 10° (£ 4 x 10
Keomda-tipic = 1.30 x 10" (£ 8 x 107")

Hpic
da-Hpic

by an increase in the diamide (da) concentration, which
causes a decrease in the pic™ concentration in the aque-
ous phase. This is due to complex formation between da and
Hpic. On the other hand, the extraction of HNO3; with da was
found to be negligible when the aqueous HNO; concentration
was not higher than 0.1 mol dm~3. On the basis of Eq. 12,
the value of the equilibrium constant for the complex forma-
tion between da and Hpic, Kcom,da-Hpic, Can be obtained. If
the concentration of Hpic extracted as its complex with da
into the organic phase is negligible, as against [da],g, the
free da concentration in the organic phase, [dal,, can be
regarded as being equal to [da]ey,; see the next paragraph.
In this case, the data analysis can be made much more simply
by using [da],g: as a substitute for [da]o, in Eq. 12. The
left side of this equation was plotted against {H* }{pic™} at
a fixed da concentration (0.1 mol dm~—3). If the combination
number of Hpic, n, is one, the left-hand side value is inde-
pendent of {H*}{pic™}. In fact, the experimental results in
Fig. 9 show this case. The left-side value was also plotted
against the da concentration at various aqueous HNO; con-
centrations (0.005, 0.05, and 0.1 mol dm—3) at a fixed Hpic
concentration (0.01 moldm™3), as shown in Fig. 10. This
value is independent of [HNOs];, which is evident from the
fact that n =1, and thus (Kgppic{H* }{pic™})" '=1. As a
result, a single line having slope of one was obtained, which

©
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log | Dyge(K, + (H DKy (H') ~ 1]

o [e) [¢] O
051 J
L . 0
-6.0 -5.5 -5.0
log { H" }H{ pic }
Fig. 9.  Dupic(Ka+{H'})/(Kappic{H'})—1 as a function

of {H"}{pic™} when [da]oy, is fixed at 0.1 moldm>;
[HNOs], = 0.001mol dm™* = const, [Hpicly = 0.01—0.1

moldm 3.
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Fig. 10.  Dupic(Ka+ {H'})/(Kampic{H*}) — 1 as a function

of [da)og; when [Hpiclini is fixed at 0.01 mol dm™3;
[HNOs]: = © 0.005, A 0.05, {1 0.1 moldm .

means that the combination number of da, m, is also one.
From these, only a 1:1 complex between da and Hpic is
concluded to form in the organic phase. The thus-obtained
value of Keom,da-Hpic 18 shown in Table 2.

Free Diamide Concentration. By means of liquid chro-
matography, the distribution of da, itself, to aqueous HNO;
solutions was found to be negligible when [HNO3], £ 0.1
mol dm™3; i.e., the concentration of da in the aqueous phase
was always lower than 10~> mol dm—3 when the concentra-
tion of da initially added to the liquid-liquid system, [dalinit,
was 0.1 moldm~—3. Thus, the total concentration of da in
the organic phase, {da]yy,, can be regarded as being equal
to [da]ini;. The distribution of HNO; to the organic phase
was also checked by using ion chromatography for back-ex-
tracted NO3 ™~ into an aqueous NaOH solution. The amount
of the extracted HNO; by da into the organic phase was
found to be only a trace in the aqueous HNOj; concentration
range of the present study. Thus, the reduction in the free da
concentration by complexation between da and HNQO; was
also negligible. Furthermore, no dimerization of da in the
organic phase (benzene) has been observed,'” and the amount
of da complexed with Eu(Ill), whose initial concentration is
6.6x10~% mol dm™3, was also negligible as against [da]org ;.
From these results, the concentration of da free from Eu-
(I, Hpic, HNO3, and da itself in the organic phase, [da]qg,
could be calculated by taking account of only the da—Hpic
complexation.

From the result that da formed only a 1: 1 complex with



H. Naganawa et al.

Hpic, the free da concentration in the organic phase can be
written as:

[da]orgJ
1+ Kcom‘da-Hpic Kd,Hpic [Hpic]

[da]mg = (13)
Here, from the values of K.om da-tpic and Kq Hpic shown in
Table 1,

Kcnm‘da-Hpich‘Hpic[Hpic] § 007 << 1, (14)

on condition that [Hpiclini £0.01 mol dm™3 and [HNO;], £
0.1 mol dm™3; {Hpic] < 4.3x 10~ mol dm ™ under the con-
dition. Thus, [dal,, in Eq. 13 is roughly equal to [da]og .
Hence, in fact, all analyses of the experimental data in the
present study were made by regarding [da]q,  (=[dajini) as
[dalor.

Activity of Diamide and Picric Acid in Organic Phase.
The change in the activity coefficient of an extractant in
nonpolar solvents can be due to mainly the hydration of
the extractant and the association of the extractant, it-
self (dimerization, trimerization, etc).'**—2! The hydra-
tion and association of da was preexperimentally checked
on the basis of the water distribution to benzene'” by a
similar manner to that in previous studies.'**—*° From
the experimental results, no da association in the organic
phase occurred, and only a single hydrate of da-H,O,
which formed stoichiometrically, was found, at least, up to
[dalorg, = 0.1 moldm™? in benzene. When [HNO;], £ 0.1
moldm™3, ie., ay,~Il, the mixture of the anhydrous da,
da(anhy), and the da monomer monohydrate can apparently
be treated as one species, because [da]yg is nearly in pro-
portion to [da(anhy)]or, at aw=1; [daje, = [da(anhy)]e,s+
[da‘H2O]org =(1 +Kda—waw)[da(anh)’)]org’ where Kga-w =
[da-H,Ol, /[da(anhy)]oreay. From these results, no activ-
ity correction for the da concentration in the organic phase
was made in the data analyses of the present study. In fact,
the experimental results in Figs. 3, 7, and 10, each of which
shows a straight line having a consistent slope, should not
imply the necessity of an activity correction for the da con-
centration.

On the other hand, no dimer of Hpic was also found in the
organic phase in the Hpic concentration range of the present
study ( £0.1 moldm™3), as can be seen from Fig. 8. Fur-
thermore, the hydration of Hpic does not have to be taken
into account for the same reason as in the case of da when
[HNO;]; £ 0.1 mol dm™3,i.e., ay=1. Hence, no activity cor-
rection for Hpic in the organic phase should also be necessary
under the condition of the present study.

Effect of Hydrophobic Anion as Counter Ion. In
the comparison of Kex da and Key ga-Hpic Shown in Table 1,
the difference between these two extraction equilibrium con-
stants is only the difference of the counter ion, i.e., NO;~ or
pic™; the coordination property between Eu(Ill) and da can
be a common factor to these constants, since x =p =2. How-
ever, because these values are very different, the effect of the
hydrophobic counter anion is surprisingly strong. The mag-
nitude of Kex da-Hpic is about sixty billion times larger than
that of K.y d4a, which should be the origin of the extremely
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strong cooperative effect; but the cause of the largeness of
Kex da-Hpic 1S not yet clear. A more detailed study concerning
the effect of hydrophobicity of the counter ion on such an ion-
pair extraction is necessary for a complete understanding.

Conclusions

1. The extraction of Eu(Ill) with the diamide (da) was very
much enhanced by the addition of picric acid (Hpic); a strong
cooperative effect of da and Hpic (anion effect) occurred.

2. The ion-pair, [Eu(da);](pic)s, extraction equilibrium
caused the cooperative effect.

3. The extraction equilibrium constant of [Eu(da);](pic);
was about 6x 10'0 times larger than that of [Eu(da), (NO3)s,
which should be the origin of the extremely strong coopera-
tive effect.

4. The extraction of ion-pairs containing NO;™, i.e.,
[Eu(da);]J(NOs);, [Eu(da);}(pic)(NO;);, and [Eu(da),]-
(pic)2(NO3), was practically negligible as against the [Eu-
(da),](pic); extraction.

5. The reduction of the cooperative effect by an increase
in the aqueous HNO3 concentration was due to a decrease in
the pic™ concentration in the aqueous phase.

6. The diamide formed a 1: 1 complex with picric acid in
the organic phase, which also caused a decrease in the pic™
concentration in the aqueous phase.
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