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ABSTRACT

The synergistic solvent extraction of the lanthanoid(IIl) ions with a ternary mixture of 4-benzoyl-3-methyl-1-
phenyl-2-pyrazolin-5-one (HP) and 1-(2-thienyl)-4,4,4-trifluoro-1,3-butanedione (2-thenoyltrifluoroacetone, HITA),
and the quaternary ammonium salt methyltrialkyl(C-C, Jammonium chloride (Aliquat 336,QCl) in C,H, has been

investigated. In the presence of a ternary mixture of extractants (HP, HTTA and QCI) extraction of an anionic complex
Q[LnP (TTA)] was established. The values of the equilibrium constants were calculated for the extraction of La(IIl),
Ce(1II), Pr(I1II), Nd(III) and Sm(III). A synergistic effect was observed for the extraction of the above-mentioned ions
with the ternary mixture of extractants but an antagonistic effect was found for Eu(IIl), Gd(III) and the heavier

members of the 4f-series.

Keywords: Lanthanoids, 4-benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one, I-(2-thienyl)-4,4,4-trifluoro-1,3-

butanedione, Aliquat 336, Synergistic Effect, Antagonistic Effect.

INTRODUCTION

During the last decades the synergistic extrac-
tion of a great number of metals has been studied [1-5].
In several investigations the extraction of metals with
more than two extractants has been described. Chinese
authors have studied the extraction of some lanthanoids
with ternary [6] or quaternary [7] mixtures of extractants
as well as the extraction of U(VI) with ternary mixtures
[8-12]. Combinations including two chelating and one
neutral or one chelating and two neutral extractants have
been used. Earlier, Irving [13] has studied the extrac-
tion of Co(II) with a ternary mixture of
thenoyltrifluoroacetone (HTTA), 3-methylpyridine (3-

mepy) and 4-methylpyridine (4-mepy). The formation
of mixed species Co(TTA),(3-mepy)(4-mepy) has been
demonstrated but no additional synergism has been
found. No mixed adducts involving the three extractants
were found by Dukov and Genov [14] when Pr(III) was
extracted with HTTA, trioctylamine (TOA) and Aliquat
336. On the contrary, D’Olieslager et al. [15] have found
both mixed complex formation and an additional syn-
ergism for the extraction of Tm(III) with a ternary mix-
ture of benzoyltrifluoroacetone, tributylphosphate and
dibutylbutylphosphonate. Sekine and Dyrssen [16] have
established that the extraction of Eu(III) with a mixture
of HTTA, isopropyltropolone (IPT) and
tributylphosphate (TBP) has caused formation of the
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complexes Eu(TTA),(IPT)(TBP), or Eu(TTA)(IPT),
(TBP),.

In the present paper the solvent extraction of
the metals of the lanthanoid series with ternary mix-
tures of thenoytrifluoroacetone (HTTA) and 4-benzoyl-
3-methyl-1-phenyl-2-pyrazolin-5-one (HP) and Aliquat
336 (QCIl) in benzene was investigated.

EXPERIMENTAL

Reagents and Solutions

The commercial compounds HP with purity >
99%(Fluka, Switzerland) and HTTA (Merck, Germany, p.a.)
were used as supplied. Aliquat 336 (methyltrialkyl(C,-C, )
ammonium chloride, QCl) was obtained from Fluka. The
quaternary ammonium salt was purified before using it ac-
cording to the procedure suggested by Goto [17]. Benzene
(Merck, Germany, p.a.) was used as a diluent. Arsenazo 111
(Fluka, Switzerland) was of analytical grade purity. The ini-
tial aqueous solutions of the lanthanoid(IlIT) metals were
prepared by dissolving their oxides (Fluka, Switzerland,
puriss) in concentrated HCI and subsequent dilution by dis-
tilled water. The initial metal ion concentration was main-
tained at 2.5x10* mol dm? for all experiments. The ionic
strength was maintained at 0.1M with (Na, H) CI.

Distribution Experiments

Equal volumes (10 cm?®) of the aqueous and the
organic phases were shaken in a mechanical shaker for
1 hour at room temperature (20°C + 2°C). After sepa-
ration of the phases, the lanthanoid content in the equi-
librium aqueous phase was assayed spectrophotometri-
cally with Arsenazo I1I [18] and subsequently computed
by the corresponding calibration graphs. The metal con-
centration in the equilibrium organic phase was then
calculated as the difference between the metal content
in the initial and the equilibrium aqueous phases. The
acidity of the aqueous phase was measured with a pH
meter with an accuracy of 0.01 pH unit.

RESULTSAND DISCUSSION

The investigation of the solvent extraction of the
lanthanoid(I1T) metals with a ternary mixture of HP,
HTTA and QCI requires an examination of the metal
extraction with the individual extractants and with their
binary mixtures as well.
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The solvent extraction of the lanthanoid(IIT)
metals with HP [19], HTTA [20], HTTA-QCI [21] and
HP-QCI [22] has been studied previously. It has been
found that the metal extraction can be represented by
the following equations

3 -
Ln*, +4HP LnP HP_ +3H" (1)

aq

3
Ln’* @ T 3HTTA © Ln(TTA)3(O) + 3H*(aq) 2)

Ln”(a q)-|-4I-IP(O)-i-QC1(O) ~——= Q[LnP ] +4H", q)—i-Cl'(El " 3

Ln*" +4HTTA +QCl = === Q[Ln(TTA),] +
4H*  +CT “4)
where Ln** denotes a lanthanide ion and the subscripts
“aq” and “0” denote aqueous and organic phases, re-
spectively.

The values of the equilibrium constants K,,, K,
Kpo and Ko have also been calculated. The experi-
mental data showed that the metal extraction with the
quaternary ammonium salt QCl alone is negligibly small
under the experimental conditions of the studies.

Thus, the metal extraction can be expressed by
the equation:

L’ +3HP_+HTTA  <—= LnP HTTA +

(aq)
+3H" ©)
The values of the overall equilibrium constant

KP!T can be determined as:
logK, ; = logD, ;. — 3log[HP] — log[HTTA] - 3 pH (6)

the formation of mixed adducts in the organic phase
can be expressed:

LnP,HP_ +HTTA <= LnP, HTTA  +HP_ (7)

(0)

The values of the constant B, . can be determined
by the equation:

log B, =log K, —log K, ®)

The values of logK,, | and B, are given in Table
1. The values of K, [19] and K [20] are listed in the
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Table 1. Values of the equilibrium constants K, [19], K. [20], K, BP’T, KP’T’Q and

BP’T’Q for the lanthanoid(III) ions extraction.
Ln** logKp logK+ logKp T logBpr logKero  logBer o
[19] [20]
La -5.26 -10.51 -4.56 0.70 -0.50 4.06
Ce -4.35 -9.43 -4.02 0.33 -0.25 3.77
Pr -4.08 -8.85 -3.65 0.43 0.07 3.72
Nd -3.50 -8.57 -3.16 0.34 0.27 343
Sm -3.12 -7.68 -2.73 0.39 0.53 3.26
Eu -2.99 -7.66 -2.69 0.30
Gd -3.04 -1.57 -2.57 0.47
Error limitsintherange < + 0.05.
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Fig. 1. Log Dgro VS PH for the extraction of lanthanoid elements
with HP — HTTA — QCI mixture at [HP] = 2x102 mol dm,
[HTTA] =2x102 mol dm= and [QCI] = 5x10 mol dm=.

Table too. The equilibrium constants are based on the
assumption that the activity coefficients of the species
do not change significantly under the experimental con-
ditions. So they are concentration constants.

In the presence of three extractants (HP, HTTA
and QCI) the experimentally obtained value of the distri-
bution coefficient D, of a particular lanthanoid(IIT) metal
is composed by several constituents: D, D, (due to the
extraction with HP and HTTA alone), D D, and D,

P.T?

log[HP]

Fig. 2. Log Dpro VS log[HP] for the extraction of lanthanoid
elements with HP — HTTA — QCI mixture at [HTTA]=2x10?
mol dm* and [QCI] =5x10° mol dm?. La, pH=2.07; Ce, pH=2.07;
Pr, pH = 1.87; Nd, pH=1.78; Sm, pH=1.68.

(due to the extraction with the binary mixtures HP —
HTTA, HP — QCIl and HTTA - QCIl) and Dirg (due to
the extraction with the ternary mixture HP — HTTA -
QCl). Therefore, the values of D; . can be calculated as:

Dy o=D,-D,-D,-D,,-D,,-D )

TQ

The values of the distribution coefficients are
given in Table 2. It is seen that most of them (D, D,
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Table 2. Values of the distribution coefficients for the extraction of lanthanoid(III) ions with HP (D), HTTA (D),
binary mixtures HP — HTTA (D,), HP - QCl (DP,Q), HTTA - QCI (Dz0) and a ternary mixture HP — HTTA - QCI

(Dy1o) at [HP] =2x10? mol dm?, [HTTA] = 2x10 mol dm?, [QCI] = 5x10° mol dm? and pH = 2.20 (D, is
experimentally obtained distribution coefficient for the extraction with HP — HTTA - QCI mixture).
Ln3+ D, Dp Dt Dp"r Dp'Q DT'Q Dp'T’Q
La 0.37 >10° >107 >10° 0.09 >10° 0.28
Ce 1.10 >10° >10% ~10% 0.63 >10" 0.47
Pr 2.90 ~10° ~10°® >10" 1.90 ~10* 1.00
Nd 4.81 >10* >107 ~10* 3.23 >10° 1.58
Sm 19.10 >10* >10° ~10* 16.20 ~103 2.90
Eu 14.45 ~10* >10° ~10* 17.37 ~10°3 -
Gd 11.57 ~10* >10° >10° 21.37 >107 -
0,8
0,6 -
0,4
g
=
Qn- 0,2 |
=)
O 04
-0,2
-0,4
* * * * -0’6— 1 1 i 1 1 1 1 1
-1,7 -1,6 -1,5 -1,4 -1,3 -1,2 + + + * * * +

log[HTTA]

Fig. 3. Log D, vs. log[HTTA] for the extraction of lanthanoid
elements with HP — HTTA — QCI mixture at [HP] = 2x102 mol
dm?® and [QCI] = 5x10° mol dm?. La, pH=2.20; Ce, pH=2.10; Pr,
pH=1.95; Nd, pH=2.10; Sm, pH=2.00.

D, and DT‘Q) are negligibly small under the experi-
mental conditions. Thus the values of D,, . , were calcu-
lated as D, - D,

The stoichiometry of the synergistic complex was
studied by examination of the plots of log D, , vs. pH,
log[HP], log[HTTA] and log[QCI]. These plots are lin-
ear with slopes close to 4, 3, 1 and 1 (Figs. 1-4).
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Fig. 4. LogD,. vs. log[QCI] for the extraction of lanthanoid
elements with HP — HTTA — QCI mixture at [HP] = 2x102 mol
dm3and [HTTA] =2x102 mol dm. La, pH=2.20; Ce, pH=2.10;
Pr, pH=2.10; Nd, pH=2.10; Sm, pH=1.85.

Therefore, the synergistic extraction with the ter-
nary mixture can be described as follows:
Lo’* +3HP_+HTTA +QCl === Q[LnP(TTA)]
+4H" + CI

)
(10)

(aq)

where Ln3" denotes La**, Ce*t, Pr3*, Nd** and Sm?*.
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The overall equilibrium constant K, , can be
determined as:

log K1 = logD, o + log[Cl'] — 4pH - 3log[HP] -

log[HTTA] - log[QCI] (11)

The organic phase synergistic reaction can be ex-
pressed by the equation:

LnP HTTA  +QCl, <—= Q[LnP(TTA)] +H"
+Cly, (12)

can be calcu-

The equilibrium constant B,

lated as:

log b, = logK,  , — logK,, (13)

P.T.Q P.TQ

The values of the equilibrium constants K,

prg are listed in Table 1. The values of KP,T‘Q in-

T decrease in that

P.T.Q

and B
crease from La to Sm but those of B
order.

The data in Table 2 show that the value of D, ,
is larger than DP’Q for La but for Ce, Pr, Nd and Sm
the trend is reversed i.e. the values of D, become
larger. Surprisingly, for Eu and Gd the values of D, ,
are even larger than those of D,. Hence, synergistic
effect is observed for La, Ce, Pr, Nd and Sm but an-
tagonistic effect is established for Eu and Gd. A plau-
sible explanation of this fact is not yet found as for-
mation of the complexes Q[LnP,] [22] and
Q[Ln(TTA),] [21] was established for the entire
lanthanoid series.

CONCLUSIONS

In the presence of a ternary mixture of extractants
(HP, HTTA and QCI) extraction of an anionic complex
Q[LnP(TTA)] was established. Synergistic effect was
observed for La, Ce, Pr, Nd and Sm but antagonistic
effect was found for Eu and Gd.
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