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The solvent extraction of europium(III) in 0.1 moldm™2 sodium nitrate solutions with 1-naphthoic acid
(HA) into chloroform was studied in the absence and presence of tetrabutylammonium ions (tba™) or trioctyl-
phosphine oxide (TOPO). In the absence of tba™ and TOPO the distribution ratio of europium(III) with 0.1
moldm ™3 1-naphthoic acid was higher when the initial concentration of the metal was higher under otherwise
identical conditions. This could be explained in terms of the extraction of a polynuclear species, EugAg(HA)2, in
addition to a mononuclear species, EuAsHA. Furthermore, by the addition of tbat or TOPO, the extraction of
europium(III) was greatly enhanced. This could be explained in terms of the extraction of the ternary complex,
EuA4~tba™, or the adducts, EuAsTOPO and EuA3(TOPO),, like that found in the extraction of this metal
ion with B-diketones. In these systems the extracted anionic complex with tba’ or the adducts with TOPO
were only mononuclear, even under conditions in which the polynuclear species were extracted in the absence

of these.

In previous papers!™ it was reported that the ex-
traction of europium(III) with S-diketones containing
the CF3~ group became much better by an addition of
tetrabutylammonium ions (tba®). This was explained
in terms of the extraction of anionic complexes with
four (-diketonate ions (E~) as ion-pairs with tbat,
EuE,"tbat, since the extraction of this type of ion-
pairs was much better than that of the non-charged
complexes, EuE3, under otherwise identical conditions,
the extraction was enhanced. This extraction of the
ternary complex was treated in previous papers on the
basis of the extraction equilibrium of the non-charged
chelate, EuEj3, and that of the ion-pairs of the reagents,
E~tba™, and the association equilibrium of the complex
with the ion-pairs of the reagents in the organic phase.
Furthermore, it was pointed out that this association
of the non-charged chelate with the ion-pair in the or-
ganic phase could be compared with adduct formation
of the non-charged chelate with non-charged ligands,
such as tributylphosphate (TBP) or trioctylphosphine
oxide (TOPO), in the organic phase, which also formed
metal complexes having higher coordination numbers.
The “synergistic effect” of europium(III) was studied
with several extractants as well as with several neutral
lignds.5—® It was reported in a previous paper® that
the addition of 0.1 moldm ™3 TBP enhanced the solvent
extraction of europium(III) with 2-thenoyltrifluoroace-
tone (Htta, 1-(2-thienyl)-4,4 4-trifluoro-1,3-butanedione)
by a factor of 2.5x103; that with 1-naphthoic acid was
enhanced by a factor of 13; and that with 3-isopropyl-
tropolone and 5,7-dichloro-8-quinolinol were enhanced
by a factor of 3. Due to the similarity of the ternary
complex extraction and the synergistic extraction, it
was assumed that the solvent extraction of europium-
(IIT) with 1-naphthoic acid (HA) should be enhanced
by an addition of the large cations, tba*.

In order to confirm this assumption experimentally,

the solvent extraction of europium(IIT) with 1-naphtho-
ic acid into chloroform in both the absence and presence
of tbat or TOPO was studied. From a statistical analy-
sis of the results, the chemical equilibria in the systems
under these conditions were estimated and the similar-
ity of the enhancement of extraction due to the anionic
complex species together with the large cations to that
due to the synergistic effect was considered.

Statistical

In the present paper, all chemical species in the or-
ganic phase are denoted by the subscript “org” and that
in the aqueous phase is shown without any subscript.
The volumes of the two liquid phases are assumed to be
the same.

For the initial concentration of 1-naphthoic acid in
the initial organic phase, [HA]org initial, the following
relation can be given:

[HA]org,initial = [A_] + [HA] + Zn[(HA)n]org~ (1)

However, since only the monomer and dimer were ex-
perimentally found in the organic phase under the con-
ditions employed in the present study, the following sim-
plified equations are given here:

[HAJorginitial = [A7] + [HA] + [HA]org + 2[(HA)2]org.  (2)

The two-phase distribution, the acid dissociation, and
the dimerization equilibrium for HA can be written as
follows:

HA = HA(org); Ky = [HA]OTE/[HA]v (3)

HA=H'+A"; K.=[H'][AT]/[HA] (4)

and
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2HA (org) = (HA)2(org); Kaim = [(HA)2]org/[HAJorg *. (5)

By introducing Eqgs. 3, 4, and 5, Eq. 2 can be rewritten
as

[HAJorg initial = [A7]+ (Ka + 1) [A7][HY]/Ka
+ 2KaimK4°[AT)?[HT)?/ K2, (6)

The concentration of the extractant anion, A~, can be
calculated from Eq. 6 as

[A7] = (=b+ V¥ + dac) /2a, (7)

where a=2Kaim Ka?[H)?/K,2, b=1+(Kq+1)[H']/Ka,
and c¢=[HA]org initial- The above equations could ap-
proximately be used even when metal ions were present
in the present study, since [HA]org,initial is always much
higher than [Eu(III)ipitial-

The equilibrium for the extraction of the polynuclear
europium(IIT) complex with only A~ may be written as

nEu3+ + 3TLA— = EunA3n(org);
Kexin0,0 = [Bun Asalorg/[E€ TATT. (8)

When the extracted species is in the EupAsz,(HA)n,
form, the equilibrium can be written as

nEu® + 3nA7 + m(HA) (org) = EunAsn(HA) m(org);
Kex3n,m,0 = [EunA3n(HA)m]org
[[Eu**]" (AT [HA org ™. 9)

The distribution ratio of europium(III) can be given by
the following equation:

Z Z n[EunAsn (HA)m]ore

DO _ [EU(III)]org,total —
[EH(III)]aq,total Z{EuAps—p]
P
Z Z nl{exém,m,O[EuaH—]n—1 [A—]3n [HA}OrSm
- > BATT ’
p
(10)
where 3, is the following stability constant:
Bp = [EuA,* 7]/ [Eu’*][AT]. (11)

However, since only EuAsHA, EuzAg, and EugAg(HA),
were experimentally found in the organic phase, and
only Eu®t and EuA2?* were found in the aqueous phase
under the conditions employed in the present study, the
following simplified equations are given here:

Dy = ([EuAsHA]org + 2[Eu2As]org + 2[Eu2A6 (HA)z]org)
/ ([Bu™] + [EuA®*]) (12)
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= (Kex3,l,0[A—]3[HA]org + 2Kex6,0,0[Eu3+][A_]6
+ 2Kexs 2,0[Eu”t][A7*[HALr?) / (14 B1[AT]) . (13)
The free concentration of Eu3t in the aqueous phase
may be introduced from Eq. 11 as

[Eu(IID)]ag total = [Eu®*] + [EuA®*]

and

[Bu*] = [Bu(lDlaq o/ (1+ A[AT]) . (1)

When tbat is added into the system, the extraction
of anionic complexes may occur and the chemical form
of the tbat containing extracted species may be writ-
ten as EuA4~tba™. This extraction equilibrium can be
written as

Eu’t +4A7 +tha™ = EuAs " tha™ (org);
Kexao = [EuAy " that]org/[E®t][A7)*[tba™].  (15)

For the formation equilibrium of the ion- pairs,
EuA,~tbat, the following equation may be written:

EuAgHA(org) + A—tba+(org) = EuA4_tba+(org) + HA(org);
Korg" = [EuAs~ tba™ |org[HA]org/[EuAsHA org[A ™ tba™ |org.
(16)

For the extraction of A~ and the anion of background
salt, X, as an ion-pair with the tbat, the following
equations can be written:

AT + tbat = A" tbat (org)3
Kexan = [A” tba™]org/[A7[tba™] (17)

X"+ tba+ = X‘tba"’ (org)}
Kexxp = [X tbat]org/[X7][tba™]. (18)

The free concentration of tbat can be written as

[tha™ Jinitiar = [tba®] + [EuAs "tbat]org
+ [A—tba+]org + [X—tba+]org (19)

and

[tba+] = ([tbaﬂinmal — [EuA4_tba+]o,g)
/ (14 Eeean[A7] + Kaxp[X7]) . (20)

The distribution ratio in the presence of tba® should be
written as

D = ([EuAsHA]org + 2[EuzA¢)org + 2[Euz As(HA)2]org
+ [BuAs"base*org) / ([Bu™*] + [EuA?*]) (21)
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= (Kexs,1.0[A™*[HAorg + 2Kexs,0,0[Bu’*][A7]°
+2Kex6,2,0[Eu*T|[A7]°[HA org
+Kexs0,1[A7] [tba*]) / (14 BiAT]) (22)

= (Kexs,1,0/ A7 [HAJorg + 2Kexc,0,0[Eu®*][A7]°
+2Kex6,2,0[Eu3+][A—]G[HA]org2
+Korg*KexABKexs,l,O[A_]4[tba+]) / (1 + 61 [A_]) .
(23)
In the absence of europium(III), the distribution ratio

of tba™, D;p,, may be introduced from Egs. 17 and 18
as

Dipa = [tba+]org,total/ [tba+]
= ([Atba¥Jorg + [X"tba*org) /[tba]
= KexaB[A™| + Kexxa[X7]. (24)
When TOPO is added into the system, the extraction
of adduct complexes may occur and the chemical form
of the TOPO containing extracted species may be given
as EuA3TOPO and EuA3(TOPO),. For the formation

equilibrium of the adduct complexes, EuA3(TOPO),,
the following equations may be written:

EuA3HA (org) + n(TOPO) (6rg)
= EuA3(TOPO)n(org) + HA(org);
Blorgyn” = [EuA3(TOPO)n]org[HA]org
/[EuA3HA]org[TOPOlorg ™. (25)

The distribution ratio in the presence of TOPO should
be written as

D = ([EuA3HA]org + 2[EuzAslorg + 2[EuzAs(HA)2]org
+ 3" [EuAs(TOPO)alorg) / ([Eu®*] + [Eua®™]) (26)

= (KexS,l,O[A—]S[HA]org + 2Kex6,0,0{Eu3+][A—]6
“|'2I{ex6,2,0[1'31134‘][A’st_.]S[I'IA]org2
+ Z ﬁ(org)n *Kexa,l,o [A_]a[TOPO]orgn)
/(1+BA7)). (27)

The association equilibrium of 1-naphthoic acid and
TOPO in the organic phase may be written as

TOPO(org) + HA(org) = TOPO-HA(org)
Kiua(org) = [TOPO-HA]org /[TOPOJorg[HAorg.  (28)

The free concentration of TOPO can be written as

[TOPO]org,initial = [TOPO]org + [TOPO’HA]org
+ Zn[EuAsTOPOn]org (29)
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[TOPO]org = ([TOPO]org,initial
- 1 [EuA3TOPOn]org)
/ (14 Krna(org) [HA org) - (30)

Since the concentration of TOPO in the aqueous phase
should be very low, this term can be excluded as in
Eq. 29.

Experimental

All of the reagents and the experimental procedures were
similar to those in previous studies,! ™ except that 1-naph-
thoic acid (HA), which was obtained from Tokyo Kasei Co.,
was used as the extractant and trioctylphosphine oxide,
which was obtained from Tokyo Kasei Co., was used as the
neutral ligand. Since the dissociated acid anion, A™, was
formed from HA by the addition of sodium hydroxide into
the aqueous phase and these buffered the solution, no buffer-
ing agent was added.

For the determination of the two-phase distribution,
the acid dissociation, and the dimerization constant for 1-
naphthoic acid, a chloroform solution containing a certain
amount of 1-naphthoic acid was agitated with the same vol-
ume of 0.1 moldm™2 Na(OH,NO3) solution for one hour and
then centrifuged off. The two phases were separated and the
pH of the aqueous phase was measured. The concentration
of dissolving A~ in the aqueous phase was estimated by a
similar method to that described in a previous paper.'?

The determination of the association constant of TOPO
and 1-naphthoic acid in the organic phase was determined as
follows. A chloroform solution containing 0.1 moldm™2 1-
naphthoic acid and a certain amount of TOPO was agitated
with the same volume of aqueous 0.1 moldm™2 sodium ni-
trate solutions containing 1x10~% mol dm 2 sodium hydrox-
ide for 1 h. The two phases were centrifuged off and the pH
of the aqueous phase was determined.

Results

Two-Phase Equilibrium of 1-Naphthoic Acid.
The equilibrium constants of 1-naphthoic acid in the
system were determined as follows. The following rela-
tion can be written when Cpogy is the initial concentra-
tion of sodium hydroxide:'®

Cou +[HT]=[AT]+ [OH]. (31)

Since the pH measured was in the range of 4 to 7,
the [OH™] should be much smaller than the [A~] and,
thus, [A~] was approximately equal to Cog+[H*]. Fig-
ure 1 gives a log ([HA)org,initiai—[A7]) vs. log [A~][H*]
plot. The data were treated on the basis of Eq. 6
using a least-squares computer program, and the fol-
lowing values were obtained: (Kq+1)K, *=1055% and
Kaim K42 K, 2=10'2-%1, From the literature value of the
acid dissociation constant, pK,=3.6,"") K4 and Kgim
were calculated, as listed in Table 1. The solid line in
Fig. 1 was calculated on the basis of Eq. 6 by using the
values for the constants in Table 1. The limiting slope
of the plot in Fig. 1 is +2. As can be seen from Eq. 6,
although nearly all of the acid in the organic phase is
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Fig. 1. Relation between log ([HA]org,initiai—[A~]) and

log [A7][H*]. Org. phase: chloroform containing var-
ious amount of l-naphthoic acid. Aq phase: 0.1
moldm ™3 sodium nitrate initially containing 1x1073
mol dm ™2 sodium hydroxide. The solid line was cal-
culated on the basis of Eq. 6 using the values given
in Table 1.

Table 1. Acid Dissociation, the Two-Phase Distribu-
tion, and the Dimerization Equilibrium Constant
of 1-Naphthoic Acid and Extraction Constant of
Tetrabutylammonium as Ion-Pair with 1-Naphtho-
ic acid
Org. phase: chloroform. Aq phase: 0.1 moldm™3
sodium nitrate.

log K, log K4 log Kdim log KexAB
~3.6% 1.9 1.8 3.6
a) Taken from Ref. 11.

in the dimer form in the highest [HA]og initial region,
the lower value of the slope in the lower [HA]org initial
range indicates that the proportion of the monomer to
the dimer increases upon a decrease in the acid concen-
tration in the initial organic phase.

Extraction of Tetrabutylammonium Ions with
1-Naphthoic Acid. The extraction constant of
tbat as ion-pairs with 1-naphthoate ion was determined
from the distribution ratio of tba* between chloroform
and aqueous 0.1 moldm™3 sodium chloride solutions.
Sodium chloride solutions were employed for these ex-
periments instead of 0.1 moldm—3 sodium nitrate so-
lutions in order to determine the constant more accu-
rately. This was because (as discussed in a previous
paper®) although more than half of the tbat in the
aqueous phase is extracted from 0.1 moldm~2 sodium
nitrate solutions as NOz ~tba® into chloroform, the ex-
traction from 0.1 moldm~2 sodium chloride solutions
is much less and, thus, the effect of background salt
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on the accuracy of this extraction constant should be
much smaller.>*) Figure 2 is a log Dyps vs. log [A™] plot
when the organic phase initially contained 0.1 mol dm~3
1-naphthoic acid and the aqueous phase initially con-
tained 3x1073 to 2x10~2 moldm~2 sodium hydroxide
and 1x107% moldm~3 tba®t. The data were treated
on the basis of Eq. 24, which introduced the value
Keyxg=10%! in Ref. 3 by using a least-squares com-
puter program. The value of K. ap obtained is listed
in Table 1. The solid line in Fig. 2 was calculated on
the basis of Eq. 24 by using the value given in Table 1.
Association of Trioctylphosphine Oxide with
1-Naphthoic Acid. A 0.1 moldm™3 sodium ni-
trate solution containing 1x10~3 moldm™3 sodium hy-
droxide, but no europium(III), was agitated with the
same volume of chloroform containing 0.1 moldm™3
of 1-naphthoic acid and various amounts of TOPO.
The value of the pH of the aqueous phase was deter-
mined. The data are given in Table 2. As can be seen
from Table 2, the pH was essentially the same when
the initial TOPO concentration was lower than 1x 1072
moldm 3. However, when it was higher than this, the
pH of the aqueous phase became higher upon the addi-
tion of TOPO. These data were treated as follows:

[TOPO’HA]org = [HA]Org,initia.l
— ([A7) + [HA] + [HAlorg + 2{(HA)2]org)

= KLHA(org) [TOPO|org[HA]org, (32)

1.5

101
a0
3

05¢

(o)
0.0 1 1 1
-3.5 -3.0 -2.5
Log [A]

Fig. 2. Distribution ratio of tetrabutylammonium ions
as a function of the concentration of the dissociated
anion of 1-naphthoic acid. Org. phase: chloroform
containing 0.1 mol dm™3 1-naphthoic acid. Aq phase:
0.1 moldm™3 sodium chloride solution containing
1x107% moldm™2 tetrabutylammonium. The solid
line was calculated on the basis of Eq. 24 using the
values given in Table 1 and Kexxp=10%1.
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Table 2.
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Change in the pH of the Aqueous Phase in Equilibrium with the Organic

Phase Containing 1-Naphthoic Acid as a Function of the Concentration of Added

TOPO
The unit of concentrations in the table is moldm 3.

[TOPO]total pH [HA]org [TOPO'HA]m—g [TOPO]org KLHA(org)
0 416  2.51x1072 — — —
1x1073 415  2.56x1072 — — —
2x1073 416  2.51x1072 — — —
3x1073 416  2.51x1072 — — —
4x1073 415  2.56x1072 — — —
5x1073 416  2.51x1072 — — —
6x1073 416  2.51x1072 — — —
7x1073 415 2.56x107? — — —
8x1073 416  2.51x1072 — — —
1x10~2 417  2.45%x1072 6.91x1073 3.09%x1073 10196
2x1072 419  2.33x1072 1.44x1072 5.63x1073 10204
3x1072 420 2.27x107?2 1.78x1072 1.22x1072 1081
4x1072 421  2.22x1072 2.12x107? 1.88x1072 1047}
5x1072 423  2.11x107?2 2.74x107? 2.26x1072 10176
6x10~2 425 2.01x107? 3.30x107? 2.70x107? 10178
7x1072 427  1.92x1072 3.82x1072 3.18x107?2 10180
8x1072 430 1.78x1072 4.51x1072 3.49x107? 10186
1x107} 434 1.62x1072 5.31x107? 4.69%x10~? 10184

a) KLHA(org) av=101-8¢, b) When [TOPOlorg, initial is lower than 1x10~2 moldm—3,
the change in the pH by the addition of TOPO is too small to make accurate calculation

of [TOPO-HA]org.

where [TOPO]org = [TOPO]org,initial - [TOPO°HA]0rg.
From these the association constant, Kppa(org) in
Eq. 28, was obtained to be 108,

Extraction of Europium(III) with 1-Naphtho-
ic Acid. The extraction curves of 107° to 1073
moldm~2 europium(III) (at initial) with 0.1 mol dm~3
1-naphthoic acid (at initial) in the organic phase are
given in Fig. 3. As can be seen from Fig. 3, the ex-
traction is better when the initial europium(III) con-
centration is higher. This indicates the extraction of a
polynuclear species, as can be seen from Eq. 10.

From Egs. 10 and 11, the following equation may be
introduced:

[Eu(III)]org,total
=23 nKexsnmo ([Bu*][A7)°)" [HAJorg ™. (33)

Figure 4 gives a log [Eu(III)]org total vs. log [Eu*][A7]3
plot of the data in Fig. 3. The concentration of HA (o)
in these experiments was approximately kept constant
at 2.5x1072 moldm~3. As can be seen from Fig. 4
and Eq. 33, if [Eu(III)]org totar is lower than 5x10~°
moldm™3, the slope of the plot is nearly +1 and,
thus, the europium(III) in the organic phase is mainly
present as the mononuclear species. However, when
[Eu(III)]org totar is higher than this, the extraction of
the dinuclear species should be taken into account.
When [Eu(III)]org totar is higher than 10=* moldm=3,
the slope of the plot is nearly +2; this indicates that the
europium(III) in the organic phase is present mainly in

the form of the dinuclear species.

In order to determine the number of HA in the ex-
tracted species, the distribution ratio of europium(III)
was determined when its initial concentration in the
aqueous phase was 1x107°%, and 1x1072 moldm~2 as
a function of the [HA)o;, when the concentration of A~
was approximately kept constant at 7.4x1073 and at
8.0x107% moldm™3, respectively. The results are given
in Fig. 5. The values of [HA],;, were calculated from the
[HA]org, initiar and pH on the basis of Egs. 3, 4, 5, and 6.
As can be seen from Fig. 5, the distribution ratio is de-
pendent on [HA],g; this should show that the extracted
species should contain the acid in the HA form. How-
ever, under conditions in which the dinuclear species
are extracted, the distribution ratio is dependent not
only on [HA],y, but also on [Eut]. When the main
extracted species is the dinuclear species, the following
equation can be introduced from Eq. 10:

Do/[Eu*] = (3 2Kexs,molA™1°[HAlorg™) / 3 BolA7]P.
(34)
Figure 6 is a log Dy/[Eu®*] vs. log [HA]orz plot when
the initial europium(III) concentration is 1x1073
moldm™3. Thus, the most of the extracted species
should be in the dinuclear form. In Fig. 6, the limiting
slope of the plot is +2. As can be seen from Figs. 5
and 6, the number of HA in the mononuclear species
and dinuclear species in the highest [HA],. region is
one and two, respectively.
The data given in Figs. 3, 4, 5, and 6 were calculated
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Fig. 3. Distribution ratio of europium(II1I) as a func-
tion of the concentration of the dissociated anion
of 1-naphthoic acid in the absence and presence
of tbat or TOPO. The initial concentration of
europium(III) is 1x107° (A), 3x10~% (O), 1x10™*
(O), 1x1073 (©) moldm™3 in the absence of tba™
or TOPO, 1x107* (@), 1x1072 () moldm™® in
the presence of 1x1072 moldm™2 tba™, and 1x107*
(©) moldm™3 in the presence of 1x10™2 moldm™3
TOPO. The solid lines were calculated on the ba-
sis of Egs. 13, 22, and 27 using the values given in
Table 3.

on the basis of Eq. 10 by a successive-approximation
approach using a least-squares computer program. It
was concluded from these calculations that the data can
be explained by the extraction of the EuAsHA, EusAg,
and EupAg(HA), species. The equilibrium constants
for these obtained species are listed in Table 3. The
solid lines in Figs. 3, 4, 5, and 6 were calculated on the
basis of Eq. 13 using the values given in Table 3. Since
they fit the data, it can be concluded that the data are
well explained by Eqgs. 12 and 13.

Effect of Tetrabutylammonium Ions on the
Extraction of Europium(III) with 1-Naphtho-
ic Acid.  Although the extraction of europium(III)
is greatly enhanced by the addition of tba™, the dis-
tribution ratio is nearly similar, even when the initial
europium(IIT) concentration is one order different but
the conditions are otherwise identical, as can be seen
from Fig. 3. From this, it can be concluded that only
the mononuclear species in the form of EuA, tba™ is
mainly extracted under these conditions. Although a
small effect of the initial metal concentration is found
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Fig. 4. Relation between log[Eu(III)]org total and

log [Eu®*][A7)3. The initial concentration of
europium(III) is 1x107% (A), 3x107° (O), 1x10™*
(0), 1x1072 (©) moldm™? in the absence of tba™ or
TOPO, and 1x10™* (O) moldm™2 in the presence
of 1x10~2 moldm™2 TOPO. The solid lines were
calculated on the basis of Eqs. 13 and 27 using the
values given in Table 3.

in Fig. 3, even in the presence of tba™, especially in the
higher [A~] range, this should not be due to the extrac-
tion of polynuclear anionic complexes. This small effect
should be due to the extraction of EusAg(HA)q, which
is dependent on the metal concentration. These data
were statistically analyzed on the basis of Eq. 22 by
a least-squares program; the obtained extraction con-
stant for EuAs~tba™, Kexs 0,1 in Eq. 15 is listed in Ta-
ble 3. From these data, the formation constant of the
EuA,~tbat species from the EuA3HA species in the or-
ganic phase, Kor* in Eq. 16, was also calculated. The
obtained value is listed in Table 3.

Effect of Trioctylphosphine Oxide on the Ex-
traction of Europium(III) with 1-Naphthoic
Acid. As can be seen from Fig. 3, the addition of
TOPO enhanced the extraction of europium(III) with
1-naphthoic acid. This enhancement of the extrac-
tion can be explained by the extraction of the adducts
complexes, EuA3(TOPO),,. The initial europium(III)
concentration of the data given in Fig. 3 was 1x1074
moldm™3. Although the experiments at higher initial
europium(IIT) concentrations were performed, the re-
sults were not reproducible. For example, when the
initial concentration was 1x10~3 moldm™3, the recov-
ery of the metal ion was less than 90%. For this reason,
these data are not given here. From Egs. 11 and 27, the
following equation is introduced:
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Table 3. Equilibrium Constants for the Solvent Extraction of Europium(III) with 1-Naphthoic Acid in
Egs. 8, 9, 11, 15, 16, and 25 in the Absence and Presence of Tetrabutylammonium Ions or Trioctylphos-
phine Oxide
Org. phase: chloroform containing 1-naphthoic acid. Aq phase: 0.1 mol dm ™2 sodium nitrate solution.
log Kex3,1,0 log Kex6,0,0 log Kexs,2,0 log 81 log Kex4,0,1 log Korg® log Borg)1” log Borg)2”
7.9 15.7 20.4 1.9 13.5 2.4 1.8 3.9
1.0 5.0
0S5t — 45}
=)
a
A &
30 001l = 40l
-05¢ 35 A
-2.5 -2.0 -1.5
Log [HA]org
-1.0 \ Fig. 6. log D/[Eu®*] as a function of log [HA]org in the
25 20 15 absence of tba™ or TOPO. The initial concentration
of europium(III) was 1x107% moldm™3. The solid
Log [HAlor line was calculated on the basis of Eq. 13 using the
values given in Table 3.
Fig. 5.  Distribution ratio of europium(IIl) as a

function of log[HA]org in the absence of tbat or
TOPO. The initial concentration of europium(III)
was 1x107°% at [AT]=7.4x10"% (A), 1x1073 at
[A7]=8.0x1073 (©). The solid lines were calculated
on the basis of Eq. 13 using the values given in Ta-
ble 3.

[EU(HI)]org,total = (KexS,l,O[HA]org
+ Z :B(org)n *Kex3,l,0[A—]3[TOPO]0r$n) [Eu3+] [A_]3

+ (2Kex6,0,0 + 2Kex6,2,O[HA}org2) ([EU3+][A—]3)2 .
(35)

Figure 4 also gives a log [Eu(III)]org tota1 vs. log [Eudt]-
[A~]® plot of the data in the presence of TOPO in
Fig. 3 on the basis of Eq. 35. Under these conditions,
[TOPO]org and [HA]org approximately remain constant
at 3.1x1073 and 2.5x1072 moldm™3, respectively. As
can be seen from Fig. 4 the slope of the plot is nearly
+1. This should indicate that the adduct complexes are
also mononuclear.

In order to calculate the formation constant ﬂ(org)n*
in Eq. 25, the distribution ratio was determined as a
function of [TOPO]org (107* to 1072 moldm™3 at ini-
tial) when the initial concentration of europium(III) and
the [A~] was kept constant at 1x107% and 4.8x1073

moldm 3, respectively. Under these conditions, the ex-
traction of the polynuclear species should be negligible;
the concentration of HA(,,) approximately remained
constant at 2.5x1072 moldm~3. Figure 7 gives a log D
vs. log [TOPO]o.e plot which was calculated on the ba-
sis of Eq. 30. A statistical analysis of the data was car-
ried out on the basis of Eq. 27. It was concluded from
the analysis that both EuA3 TOPO and EuA3(TOPO),
were extracted; the values of the formation constants,
5(org)1* and ﬁ(org)z*, were calculated by using a least-
squares computer program. The obtained values are
listed in Table 3. The solid line in Fig. 7 was calculated
on the basis of Eq. 27 using the values in Table 3.

Discussion

Like several other metal ions with various carboxyl-
ic acid,'?=2% europium(III) is extracted not only as a
mononuclear species, but also as a polynuclear species.
This makes the equilibrium complicated, and the results
of metal extraction very intricate.

As can be seen from Table 2, when the initial 1-
naphthoic acid concentration is 0.1 moldm~2 and the
[TOPOorg,initial 15, for example, 5x10~2 moldm™3,
about half of the TOPO is combined with 1-naphthoic
acid. This causes a decrease in the concentration of HA
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0.5
0.0
[a]
%0
3
-0.5
-1.0 A
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0
Log [TOPO]org
Fig. 7. Distribution ratio of europium(III) as a func-

tion of log [TOPO]org, which was calculated on the
basis of Eq. 30. Org. phase: chloroform containing
0.1 moldm ™2 1-naphthoic acid and various amount
of TOPO. Aq phase. 0.1 moldm™2 sodium nitrate
solution containing 1x10™° moldm™2 europium (IIT)
at [A7]=4.8x1073. The solid line was calculated on
the basis of Eq. 27 using the values given in Table 3.

in the organic phase and, thus, a decrease in the ex-
traction of the EuAsHA and EuaAg(HA); species, even
when the initial sodium hydroxide concentration is kept
constant. However, this effect of TOPO on the concen-
tration of HA(og) is small when the concentration of
added TOPO is lower than 1x1072 moldm™3. This
also decreases the free concentration of TOPO in the
organic phase. On the other hand, it was reported?®
that the association of TOPO with Htta was negligible
in chloroform. This should be favorable for the syner-
gistic enhancement of the europium (I1I) extraction with
Htta, than with 1-naphthoic acid.

It is assumed that the two oxygen atoms of the car-
boxyl group do not situate so well as to form a stable
chelate ring. This is indicated by the fact that the com-
plex in the aqueous phase is much more stable with tta™
(61=10%%)% than with naphthoate (3;=10'°). Thus,
the nature of the 1-naphthoate complex may be some-
what different from that of the 8-diketonate complexes.

The addition of 1x1072 moldm~3 of TOPO en-
hanced the 1-naphthoic acid extraction by a factor of 20.
The enhancement of the distribution ratio, D/ Dy, of the
Htta extraction of europium(III) into chloroform by the
addition of 1x1072 moldm~3 of TOPO was reported®
to be 7x 103, which is more than two-orders larger than
that found in the extraction systems with 1-naphthoic
acid in the present study. The enhancement of extrac-
tion by the addition of 102 moldm™—2 of tba™ is also
inferior in the 1-naphthoic acid extraction system than
in the Htta extraction system. As has been pointed
out, the enhancement due to the addition of tba® is
dependent on the multiplication, [tba™][A~] or [tba™]-
[tta=].'—® The enhancement of the distribution ratio,
D/ Dy, of Htta extraction of europium(III) into chloro-

Solvent Extraction of Eu(IIl) with 1-Naphthoic Acid

2249

form when [tta™] is 1072 moldm ™3 by the addition of
1x1072 moldm™2 of tha* (at the begining) can be cal-
culated; the enhancement of distribution ratio should
be 6x10%, as was estimated from the previous data.®
The addition of 1x10™2 moldm™2 of tbat enhanced
the 1-naphthoic acid extraction by a factor of 20 when
[A~] was 1073 moldm~3. Although the adduct forma-
tion or the ternary complex formation in the extraction
system with 1-naphthoic acid is caused by an exchange
of HA in EuA3HA with TOPO or A~tba™, that in the
extraction system with Htta is achieved only by the ad-
dition of TOPO or tta~tbat on the Eu(tta)s chelate.
Thus, no direct comparison can be made in these two
extraction systems. However, it may be assumed that
the europium(IIT) complex with Htta should be a much
better acceptor of such donors as TOPO or the extrac-
tant anion than the complex with 1-naphthoic acid.

It is mentioned that the extracted anionic europium-
(IIT) complex with the tba® or TOPO adducts is only
the mononuclear species under conditions in which
mainly the polynuclear species are extracted in the ab-
sence of tba®™ or TOPO. The two metal ions in the
polynuclear species may most probably be combined
with carboxylate ions or the HA form acid. This combi-
nation of two metal ions in a polynuclear species by the
extractant should be interfered if the anionic complex,
and an adduct with TOPO would be formed.

As can be seen from the results, the assumption that
the extraction of an anionic complex may occur in a
liquid-liquid system in which the synergistic effect with
a solvating ligand, such as TBP, is found, has been con-
firmed by extraction with 1-naphthoic acid. However,
it has not been successful to explain the reason why the
enhancement of metal extraction due to the formation
of adducts with a solvating ligand or an anionic com-
plex occurs only in some extraction systems. Further
studies are necessary in order to clarify this problem.
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